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(54) Image processing apparatus 

(57) In an apparatus and method for creating a 
three-dimensional model of an object, Images of the ob- 
ject taken from different, unknown positions are proc- 
essed to identify the points in the images which corre- 
spond to the same point on the actual object (that is 
"matching* points), the matching points are used to de- 
termine the relative positions from which the images 
were taken, and the matching points and calculated po- 
sitions are used to calculate points in a three-dimension- 
al space representing points on the object. A number of 
different techniques are used to identify the matching 
points, and a number of solutions are calculated and 
tested lor the relative positions, the solution which is 
consistent with the largest number of matching points 
being selected. In one matching technique, edges in an 
image are identified by first identifying corner points in 
the image and then identifying edges between the cor- 
ner points on the basis of edge orientation values of pix- 
els, the edges are processed in strength order to remove 
cross-overs, the images sub-divided into regions by 
connecting points at the ends of the edges on the basis 
of the edge strengths, and maLching points within cor- 
responding regions in two or more images are identified 
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image data for a plurality of images ol an object is processed without using prior information on the relationship between 
the positions from which the images were taken to identify corresponding cbject features in the images. Matching 
features are identified using a first technique, the relationship between the images is determined, and further matches 
are identified using a second technique together with the determined relationship, 
s [0018] Preferably, the first technique includes a user identifying features, and the second technique includes the 
image processing apparatus identifying features. 

[0019] The present invention provides an image processing apparatus or method in which image data lor at least 
three images of an object is processed without using prior information on the relationship between the positions from 
which the images were recorded, to determine the relationship. Matching features in first and second images are 
io identified and used to determine the positional relationship between these images. The positional relationship is used 
to identify al least one additional match in the first and second images, at least one of the additional matches is then 
matched in a third image and the positional relationship of the third image is determined. 

[0020] The present invention also provides an image processing apparatus or method in which this process is adapt- 
ed if corresponding object features In a pair of images are already known, or if the positional relationship between a 

'£ pair ol images is already known. 

[0021] The present invention provides an image processing apparatus or method in which image data for a plurality 
of images of an object is processed without using prior information on the relationship between the positions from which 
the images were taken to identify corresponding object features in the images. Each image is notional split into regions 
on the basis of matches defined in input signals, and the mapping of regions between images is determined and used 

20 to identify further matches. 

[0022] Embodiments of the invention wit) now be described by way of example only with reference to the accompa- 
nying drawings, in which: 

[0023] Figure 1 schematically shows the components of an image processing apparatus in an embodiment of the 
invention. 

& [0024] Figure 2 illustrates the collection of image data by imaging an object from different positions around the object. 
[0025] Figure 3 shows, at a top level, the processing operations performed by the image processing apparatus of 
Figure 1 in an embodiment of the invention. 

[0026] Figure 4 shows the steps performed during initial data input at step S2 in Figure 3. 

[0027] Figure 5 illustrates the sequencing of images by a user at step S22 in Figure 4. 
30 [0028] Figure 6 shows the relationship between Ihe operations in Figure 1 of initial feature matching at step S4, 

calculating camera transformations at step S6 and constrained feature matching at step S8. 

[0029] Figure 7 shows in greater detail the relationship between the operations shown in Figure 6. 

[0030] Figure 8 shows the operations performed during automatic initial feature matching across the first pair of 

images in a triple of images at step S52 in Figure 7. 
35 [0031] Figure 9 shows the operations performed during automatic initial feature matching across Ihe second pair of 

images in a triple of images at step S54 in Figure 7. 

[0032] Figure 1 0a and Figure 10b schematically illustrate a "perspective" image and an "affine" image, respectivefy. 
[0033] Figure 1 1 shows, at a top level, the operations performed during affine initial feature matching for the first (or 
second) pair of images in a triple of images at step S52 or step S64 in Figure 7. 
*o [0034] Figure 12 shows the operations performed in finding the edges in each image of a pair of images at step S100 
in Figure 11. 

[0035] Figure 13 illustrates the pixels which are considered when calculating edge strengths at step S106 or step 
S 108 in Figure 12. 

[0036] Figure 14 shows the operations performed when calculating edge strengths at step SI OS and step S108 in 
& Figure 12. 

[0037] Figure 1 5 shows the operations performed when removing edges which cross over other edges at step S11 2 
in Figure 12. 

[0038] Figure 16a. Figure 16b and Figure 16c show examples of two edges, Figures 16a and 16b showing examples 
in which the edges do not cross, and Figure 16c showing an example in which the edges do cross. 
so [0039] Figure 17 shows the operations performed when triangulating points at step S 102 in Figure 11 . 

[0040] Figure 1 B shows the operations performed when calculating lurther corresponding points in a pair of images 
at step S104 in Figure 11. 

[0041] Figure 19 illustrates the use of a grid of squares at steps Si 62, S174 and $180 in Figure 18. 
[0042] Figure 20 shows, at a top level, the operations performed when calculating the camera transformations for a 
ss triple of images at steps S56 and S66 in Figure 7. 

[0043] Figure 21 shows, at atop level, the operations performed when carrying out processing routine 1 at step S202 
in Figure 20. 

[0044] Figure 22 shows the operations performed when setting up the parameters at step S206 in Figure 21 . 
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mine changes therebetween, representing actual physical changes to the object itself. The three-dimensional model 
may also be used to control movement of a robot to prevent the robot from colliding with the object. Of course, the 
object data may be transmitted to a remote processing device before any of the above processing is performed. In 
particular, the object data may be provided in virtual reality mark-up language (VRML) format for transmission over the 
5 Internal. 

[0074] Figure 1 is a block diagram showing the general arrangement of an image processing apparatus in an em- 
bodiment. In the apparatus, there is provided a computer 2. which comprises a central processing unit (CPU) 4 con- 
nected to a memory 5 operable to store a program defining the operations to be perform ad by the CPU 4, and to store 
object and image data processed by CPU 4. 

io [0075] Coupled to the memory 6 is a disk drive 8 which is operable to accept removable data storage media, such 
as a floppy disk 10, and to transfer data stored thereon to the memory 6. Operating instructions for the central processing 
unit 4 may be input to the memory 6 from a removable data storage medium using the disk drive 8. 
[0076] Image data to be processed by the CPU 4 may also be input to the computer 2 from a removable data storage 
medium using the disk drive 8. Alternatively, or In addition, image data to be processed may be input to memory 6 
directly from a camera 12 having a digital image data output, such as the Canon Powershot 600. The image data may 
be stored in camera 1 2 prior to input to memory 6, or may be transferred to memory 6 in real time as the data is gathered 
by camera 1 2. Image data may also be input from a conventional film camera instead of digital camera 1 2. In this case, 
a scanner (not shown) is used to scan photographs taken by the camera and to produce digital image data therefrom 
for input to memory 6. In addition, image data may be downloaded into memory 5 via a connection (not shown) from 

20 a local database, such as a Kodak Photo CD apparatus in which mage data is stored on optical disks, or from a remote 
database which stores the image data. 

[0077] Coupled to an input port of CPU 4, there is an input device 14, which may comprise, for example, a keyboard 
and/or a position sensitive input device such as a mouse, a trackerball, etc. 

[0078] Also coupled to the CPU 4 is a frame buffer 1 6 which comprises a memory unit arranged to store image data 
25 relating to at least one image generated by the central processing unit 4, for example by providing one (or several) 
memory location (s) for a pixel of the image. The value stored in the frame buffer for each pixel defines the colour or 
intensity of that pixel h the image. 

[0079] Coupled to the frame buffer 1 6 is a display unit 18 for displaying the image stored in the frame buffer 16 in a 
conventional manner. Also coupled to the frame buffer 16 is a video tape recorder (VTR) 20 or other image recording 
30 device, such as a paper printer or 35mm film recorder 

[0080] A mass storage device, such as a hard disk drive, having a high data storage capacity, is coupled to the 
memory 6 (typically via the CPU 4), and also to the frame buffer 16. The mass storage device 22 can receive data 
processed by the central processing unit 4 from the memory 6 or data from the frame buffer 16 which is to be displayed 
on display unit 16. 

3S [0081] The CPU 4, memory 6, frame buffer 16, display unit 18 and the mass storage device 22 may form part of a 
commercially available complete system, for example a workstation such as the SparcStatton available from Sun Mi- 
crosystems. 

[0082] Operating instructions for causing the computer 2 to perform as an embodiment of the invention can be sup- 
plied commercially in the form of programs stored on floppy disk 10 or another data storage medium, or can be trans- 
40 mitted as a signal to computer 2, for example over a datalink (not shown), so that the receiving computer 2 becomes 
reconfigured into an apparatus embod,^ the invention. 

[0083] Figure 2 illustrates the collection of image data for processing by the CPU 4. 

[0084] An object 24 is imaged using camera 12 from a plurality of different locations. By way of example, Figure 2 
illustrates the case where object 24 is imaged from five different, random locations labeOed LI to L5, with the arrows 
in Figure 2 illustrating the movement of the camera 12 between the different locations. 

[0085] Image data recorded at positions LI to L5 is stored in camera 12 and subsequently downloaded into memory 
6 of computer 2 for processing by the CPU 4 in a manner which will now be described. In this embodiment, CPU 4 
does not receive information defining the locations at which the images were taken, either in absolute terms or relative 
to each other 

50 ■ [0086] Figure 3 shows the top-level processing routines performed by CPU 4 to process the image data from camera 
12. 

[0087] At step S2, a routine for initial data input is performed, which will be described below with reference to Figures 
4 and 5. The aim of this routine is to store the image data received from camera 1 2 in a manner which facilitates 
subsequent processing, and to store information concerning parameters of the camera 1 2. 
« [0088] At step S4, initial feature matching is performed to match features within the different images taken of the 
object 24 (that is, to identify points in the images which correspond to the same physical point on object 24). This 
process will be described below with reference to Figures 6 to 19. 

[0089] At step S6, the transformations between the different camera positions from which the images were taken 
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[0103] Figure 6 shows, at a top level, the relationship between the routines ol initial I eat u re matching, calculating 
camera transformations and constrained feature matching performed by CPU 4 at steps S4, S6, S8 in Figure 3. For 
the purpose of these routines, CPU 4 considers images in groups of three in the order in which they occur in the 
positional sequence created at step S22 (Figure 4), each group being referred to as a triple* of images. Thus, in the 
5 case where data for five images has been stored in memory 6 (as in the example of Figures 2 and 5), CPU 4 considers 
three triples of images (images 1-2-3, images 2-3-4, and images 3-4-5 in the positional sequence). Within each triple 
of images, there are two 'pairs* of images, namely the first and second images within the triple and the second and 
third image 6 within the triple. 

[0104] Referring to Figure 6. at step S40, the next triple of images is considered for processing (this being the first 
io triple, that is images 1 -2-3 in the positional sequence, the first time step S40 is performed). At step 542, initial feature 
matching is performed for the three mages under consideration to match points across pairs of images in the triple or 
across all three images, and at step S44 the camera transformations between the positions at which the three images 
were taken are calculated using the points matched in step S42. The calculated camera transformations define the 
translation and rotation of the camera between Images in the positional sequence, as will be described in greater detail 
is below. 

[0105] At step S46, CPU 4 determines whether the camera transformations calculated at step S44 are sufficiently 
accurate. If it is determined that the transformations are sufficiently accurate, than, at 6tep S4S, further features are 
matched in the three images using the calculated camera transformations. The feature matching performed by CPU 
4 at step S48 is termed "constrained" feature matching since the camera transformations calculated at step S44 are 

20 used to 'constrain" the area within an image of the triple which is searched to identify a point which may match a given 
point h another image of the triple. If il is determined a1 step 546 that the calculated camera transformations are not 
sufficiently accurate, then steps S42 to S46 are repeated until sufficiently accurate camera transformations are ob- 
tained. However, as will be described below, when CPU 4 re-performs initial feature matching for the three images at 
step S42 for the first time after it has been determined at step S46 thai the calculated camera transformations are not 

2S sufficiently accurate, it performs it using a second technique, which is different to the first technique used when step 
S42 is performed for the very first time. Further, in any subsequent re-performance of step S42, CPU 4 performs initial 
feature matching using the second technique, but with a different number of matched points in the images as input 
(the number increasing each time step S42 is repeated). 

[0106] At step S50, CPU 4 determines whether there is another image which has not yet been considered in the 
30 positional sequence of images, and, if there is, steps S40 to S50 are repeated to consider the next triple of images. 
These steps are repeated until all images have been processed in the way described above. 
[0107] Figure 7 shows in greater detail the relationship between the routines of initial feature matching, calculating 
camera transformations and constrained feature matching. 

[0108] Referring to Figure 7, at step S52, CPU 4 performs initial feature matching using a first technique for the first 

35 pair of images in a triple of images, as will be described below. This first initial feature matching technique is automatic, 
in the sense that no input from the user is required. At step S54, CPU 4 performs initial feature matching using the 
first, automatic technique for the second pair of images in the triple. At step S56, CPU 4 calculates the camera trans- 
formations between the images in the triple. At step S56, CPU 4 determines whether the camera transformations 
calculated at step 556 are sufficiently accurate. If they are, constrained feature matching is performed at step S74 to 

■to match further points in the images of the triple. 

[01 09] On the other hand, if is determined at step S58 that the calculated camera transformations are not sufficiently 
accurate, then CPU 4 performs initial feature matching for the triple of images using a different technique at steps S60 
to S68. tn this embodiment, an 'affine' technique (which assumes thai the object 24 in the images does not exhibit 
significant perspective properties over small regions of the image) is used, as will be described below. 

4£ [01 1 0] At step S60, the user is asked to identify matching points (that is, points which correspond to the same physical 
point on object 24) in the first pair of images of the triple and the second pair of images in the triple. This is done by 
displaying to the user on display unit 16 the three images in the triple. The user can then move a displayed cursor 
using input means 14 to identify a point in the first image and a corresponding, matched point (representing the same 
physical point on object 24) in the second image. This process is repeated until ten pairs of points have been matched 

so jn the first and second images. The user then repeats the process to identify ten pairs of matched points in the second 
and third images. It may be difficult for the user to precisely locate the displayed cursor at a desired point (which may 
occupy only one pixel) when selecting points. 

[0111] Accordingly, if any point identified by the user is within two pixels of a point previously identified in that Image 
by the CPU in step S52 or S54 or, if performed previously, in step S62, S64 or 574, then CPU 4 determines that the 
55 user intended to identify a point which it had automaticairy identified previously, and consequently stores the co-ordi- 
nates of this point rather than the point actually identified by the user on display 1 6. 

[0112] At step S62, CPU 4 matches points in the first pair of images in the trple using the affine matching technique, 
and at step S64, it matches points in the second pair of images in the triple using this technique. As will be described 
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[0120] At step S80, a value is calculated for each pixel in the first image of the triple indicating the amount of 'edge* 
and 'comer' for that pixel. This is done, for example, by applying a conventional pixel mask to the first image, and 
moving this so that each pixel is considered. Such a technique is described in "Computer and Robot Vision Volume 
T, by R.M. Haralick and LG. Shapiro, Section 8, Addison-Wesley Publishing Company, 1992, ISBN 0-201-10377-1 
$ (V.1). At step SB2, any pixel which has "edge* and "corner* values exceeding predetermined thresholds Is Identified 
as a strong corner h the first image, in a conventional manner. At step S84. CPU 4 performs the operation previously 
carried out at step S60 for the first image for the second image, and likewise identifies strong corners in the second 
image at step S36 using the same technique previously performed at step S62. 

[0121] At step S68. CPU 4 compares each strong corner identified in the first image at step S82 with every strong 

io corner identified in the second image at step S86 which lies within a given area centred on the pixel in the second 
image which has the same pixel coordinates as the corner point under consideration in the first image to produce a 
similarity measure lor the comers in the first and second images. In this embodiment, the size of the area considered 
in the second image is ±10 pixels of the centre pixel in the y-direction and ±200 pixels of the centre pixel in the x- 
direction. The use of such a "window" area to restrict the search area in the second Image ensures that similar points 

i5 which lie on different parts of object 24 are not identified as matches. The window in this embodiment is set to have a 
smaD "y" value (height) and a relatively large V value (width) since it has been found that the images of object 24 are 
often recorded by a user with camera 12 at approximately the same vertical height (so that a point on the surface of 
object 24 is not displaced significantly in the vertical (y) direction in the images) but displaced around object 24 in a 
horizontal direction. In this embodiment, the comparison of points is carried out using an adaptive least squares cor- 

20 relation technique, for example as described in 'Adaptive Least Squares Correlation: A Powerful Image Matching 
Technique" by A.W. Gruen in Photogrammetry Remote Sensing and Cartography 1985 pages 175-187. 
[0122] At step S90, CPU 4 identifies and stores matching points. This is performed using a "relaxation" technique, 
as will now be described. Step S88 produces a similarity measure between each strong comer in the first image and 
a plurality of strong comers in the second image (that is. those lying within the window in the second image described 

& above). At step S90, CPU 4 effectively arranges these values in a table array, for example listing all of the strong 
corners in the first image in a column, all of the strong corners in the second image in a row, and the similarity measure 
for each given pair of comers at the appropriate intersection in the table. In this way, rows of the table array define the 
similarity measure between a given comer point in the first image and each corner point in the second image (the 
similarity measure may be zero if the corner in the first image was not compared with the comer in the second image 

30 at step S88). Similarly, the columns in the array define the similarity measure between a given comer point in the 
second image and each corner point in the first image (again, some vaJues may be zero if the points were not compared 
at step SS8). CPU 4 then considers the first row of values, selects the highest similarity measure value in the row. and 
determines whether this value is also the highest value in the column in which the value lies. If the vaJue is the highest 
in the row and column, this indicates that the comer point in the second image is the best matching point for the point 

3S jn the first image and vice versa. In this case, CPU 4 sets ail of the values in the row and the column to zero (so that 
these values are not considered in further processing), and determines whether the highest similarity measure is above 
a predetermined threshold (in this embodiment, 0.1). If the similarity measure is above the threshold, CPU 4 stores 
the point in the first image and the corresponding point in the second image as matched points. If the similarity measure 
is not above the predetermined threshold, then it is determined that, even though the points are the best matching 

40 points for each other, the degree of similarity is not sufficient to store the points as matching points. 

[0123] CPU 4 then repeats this processing for each row of the table array until all of the rows have been considered. 
If it is determined that the highest similarity measure in a row is not also the highest for the column in which it lies, CPU 
4 moves on to consider the next row Thus, it is possible that no pairs of matching points are identified in step S90. 
[0124] CPU 4 reconsiders each row in the table array to repeat the processing above il matching points were identified 

& the previous time all the rows were considered. CPU 4 continues to perform such iterations until no matching points 
are identified in an iteration. 

[01 25] Figure 9 shows the steps performed by CPU 4 at step S54 in Figure 7 when performing automatic initial 
feature matching for the second pair of images in a triple. In this case, points in the first image of the pair have already 
been identified: strong comers in steps S84 and S86 of Figure 8 when the previous pair of images was considered; 
so and other feature points from automatic initial feature matching (step S54), affine initial feature matching (steps S60, 
S64 and S72) and constrained feature matching (step S74) if these steps have been performed for the previous triple 
of images. Accordingly, CPU 4 needs only to identify strong corners in the second image of the pair (the third image 
of the triple under consideration). 

[0126] Referring to Figure 9 : at step S92, CPU 4 appGes a pixel mask to the third image of the triple and calculates 
ss a value for each pixel in the third image indicating the amount of edge and comer for that pixel. This is performed in 
the same way as the operation in step S80 described previously. In step S94, CPU 4 identifies and stores strong comers 
in the third image. This is performed in the same way as step S82 described previously. At step S96. CPU 4 considers 
the strong points previously identified and stored at step S86, S54, S60, S64, S72 and S74 for the second image in 
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iment, at step S114 the data lor the entire image is smoothed and at step S115 edge magnitude and direction values 
are calculated (or every pixel. However, it is possible to select only relevant areas of the image tor processing in each 
of these steps instead. 

[0137] At step S116, CPU 4 considers the pbcels lying within area A between each pair ot user-identified points, and 

5 calculates the magnitude of any edge line between those points. Referring again to Figure 13, CPU 4 starts by con- 
sidering the first column of pixels in the area A. for example the column of pixels which are left-most in the image. 
Within this column, it first considers the top pixel, and compares the edge magnitude and edge direction values calcu- 
lated at step S115 for this pixel against thresholds. In this embodiment the magnitude threshold is set at a very low 
setting of 0.01 smooth grey levels per pixel. This is because edges often become "weakened* in an image, for example 

io by the lighting, which can produce shadows etc. across the edge. Accordingly, by ushg a small magnitude threshold, 
it is assured that all pixels having any reasonable value of edge magnitude are considered. The direction threshold is 
set so as to impose a relatively strict requirement for the direction value of the pixel to lie within a small angular deviation 
(in this embodiment 0.5 radians) of the direction of the straight line connecting points 30 and 32. This is because 
direction has been found to be a much more accurate way of determining whether the pixel actually represents an 

15 edge than the pixel magnitude value. 

[01 38] If the top pixel in a column of pixels has values above the magnitude threshold and below the direction thresh- 
old, then a Vote* is registered for that column, indicating that part of an edge between the points 30, 32 exists in that 
column of pixels. If the values of the top pixel do not meet this criteria, then the same tests are applied to the remaining 
pixels in the column, moving down the column. Once a pixel is tound satisfying the threshold criteria, a "vote" is reg- 

20 istered for the column and the next column of pixels is considered. On the other hand, if no pixel within the column is 
found which satisfies the threshold criteria, then no "vote' is registered for the column. When all of the columns of 
pbcels have been processed in this manner, CPU 4 determines the percentage of columns which have registered a 
"vole", this representing the strength of the edge, and stores this percentage. 

[0139] Referring again to Figure 12, after performing steps S106 and S108, CPU 4 has calculated and stored a 

2S strength for each edge in each image of the pair. 

[0140] At step S 110, CPU 4 calculates the combined strength of corresponding edges in the first image of the pair 
and the second image of the pair. This is done, for example, by reading the stored percentage edge strength calculated 
at step Si 06 for an edge h the first image and the value calculated in step Si 08 for the corresponding edge in the 
second image and calculating the geometric mean of the percentages (that is, the square root of the product of the 

30 percentages). If the resulting, combined strength value is less than 90%, CPU 4 determines that the edges are not 
sufficiently strong to consider further, and discards them. If the combined strength value is 90% or greater, CPU 4 
stores the value and identifies the edges in both images as strong edges for future use. 

[0141] By performing step S110, CPU 4 effectively considers the strength of an edge in both images of a pair to 
determine whether an edge actually exists between given points. In this way, an edge may still be identified even if it 
35 has become distorted (for example, broken) somewhat in one of the images since the strength of the edge in the other 
image will compensate. 

[0142] At step S1 12, CPU 4 considers the strong edges in the first image of the pair, that is the edges which remain 
after the weak ones have been removed at step S11 0, and processes the image data to remove any crossovers between 
the edges. 

40 [0143] Figure 15 shows the operations performed by CPU 4 in determining whether any crossovers occur between 
. the edges and removing them. Referring to Figure 15, at step S120. CPU 4 produces a list of the edges in the first 
image of the pair arranged in combined strength order, with the edge having the highest combined strength at the top 
of the fist. Since the strength of the edges is calculated and stored as floating point numbers, it is unlikely that two 
edges win have the same combined strength. At step Si 22, CPU 4 considers the next pair of edges in the list (this 
being the first pair the first time the step is performed), and at step S124, CPU 4 compares the coordinates of the points 
at the ends of each edge to determine whether both end points of the first edge lie on the same side of the second 
edge. If it is determined that they do, CPU 4 determines at step S126 that the edges have a relationship corresponding 
to the case shown' in Figure 16a and that therefore they do not cross. On the other hand, if it is determined at step 
SI 24 that both end points of the first edge do not lie on the same side of the second edge, then the edges have a 

so relationship corresponding to either that shown in Figure 1 6b or that shown in Figure 16c. To determine which, at step 
S128, CPU 4 again considers the coordinates of the points to determine whether both end points of the second edge 
lie on the same side of the first edge. If they do, CPU 4 determines at step S1 26 that the edges do not cross, the edges 
corresponding to the case shown in Figure 16b. If it is determined that both end points of the second edge do not lie 
on the same side of the first edge at step S128, then CPU 4 determines that the edges cross, as shown in Figure 16c, 

ss and at step SI 30 deletes the second edge of the pair, this being the edge with the tower combined strength. This is 
done by setting the combined strength of the edge to zero, thereby effectively deleting the edge from both the first and 
second rnages. At step S132, CPU 4 determines whether there is another edge in the list which has not yet been 
compared. Steps S122 to S1 32 are repeated until aO edges have been considered in the manner just described. That 



11 



EP 0 898 245 A1 



" ~ I - are repeated to compare the edge with the highest combined strength with each edge tower in the 
st (proceeding down the l,st), and then to compare the next highest edge remaining in the list w* each relin 1 
lower edge (proceeding down the list) and to continue to compare edges in this decreasing strath n ?, 

comparisons have been made (i.e. the next highest edge is the las, in the |J 9 ^ ^ 3 " 

[0144] By arranging the edges in combinad strength order at step S 1 20, so that the edaes are eomnamrt in mi. 

t:< :zT?* he r iest number oi ed9es •» hi9hest 

[0145] Referring again to Figure 11, after performing step S100 comouter 2 has Mnr«H th*«i„ , 

CPU 4 connects the cser-.dentified points in the images to create triangles P ' 

[0146] Figure 17 shows the operations performed by CPU 4 at step S102 in Floure 11 Rororrinn m ci„,.,„ ,->■ . 
step S140, CPU 4 firstly connects the user-Wentified pits h the firs, imag! . oT^i 22^^^ 
edges remaning after process S100 (Figure 11) has been performed At steo S142 CP I a ^ , * 9 

provrdes the advantage that il ,wo strong edges meet, the other ends of the edges are interconni ed^oformTs^f 

SJctlLes^iL 8 ^ 0 / 1 4 ^ e ' S ^ co -° rdina,es °' ,h ° "ser-identified points h the first image o, the pair and 
calculates the length of a straight edge connecting any points not already connected in steps S140 and auto- 
connections are then sorted in terms of length At steo S146 CPU a I !• 959 

aTL , h F,9UrB 1 5 Sh0WS 016 ° p8ra,ions P eriomied CPU 4 in step S104. Referring to Figure 18 at step S160 CPU 
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where (x,y, l) are the homogeneous co-ordinates of a triangle vertex in the first Image, the co-ordinate numbers indi- 
eating with which vertex the co-ordinates are associated, and (x',y\1 ) are the homogeneous co-ordinates of the point 
in the second image which is matched with the triangle vertex in the first image (again, the co-ordinate numbers indi- 
cating with which vertex the point is matched). This equation is solved in a conventional manner to calculate values 
for A to F and hence define the transformation for each triangle. 

[0152] At step SI 62, CPU 4 divides the first image into a series of grid squares of size 25 pixels by 25 pixels, and 
sets a flag for each square to hdicate that the square is •empty'. Figure 1 9 illustrates an image divided into grid squares. 
At step Si 64, CPU 4 determines whether there are any points in the first image of the pair under consideration which 
have been matched with a point h the preceding image in the sequence but which have not been matched with a point 
in the second image of the pair. When the first image of the pair under consideration is the very first image in the 
sequence (the image taken at position L1 in the example of Figure 2) then there are no such points since there is no 

2S preceding image in the sequence. When the second image in the sequence (the image taken at position L3 in the 
example of Figure 2) is the first image in the pair under consideration, it will be seen from Figure 7 that points may 
have been matched with the preceding image (the first image in the sequence) by automatic initial feature matching 
at step S52, by user matching at step SSO or step S72 or by affine initial feature matching at step S62. When the first 
image of the pair under consideration is the third or a subsequent image in the sequence (one of the images taken at 

30 positions L2 f L4 or LS), points may have been matched with the preceding image by automatic initial feature matching 
at step S54, by user matching at step S60 or step $72, by affine initial feature matching at step S62 or step S64, or 
additionally by constrained feature matching at step 574, as described previously and as described in greater detail 
later. 

[0153] Referring again to Figure 16, if CPU 4 determines at step S 164 that such points exist at step S166 it considers 

3$ one of the points, referred to as a "previously matched" point, and at step S16B determines whether this point lies 
within a triangle created at step S102 in Figure 11 in the first image of the pair. If the point does not lie within a triangle, 
the processing proceeds to step Si 78 where CPU 4 determines whether there is another previously matched point in 
the first image of the pair. Steps S166, S168 and S176 are repeated until a previously matched point lying withh a 
triangle in the first image of the pair is identified, or until all such previously matched points have been considered. 

■to When it is determined at step SI 68 that the previously matched point being considered does lie within a triangle in the 
first image of the pair, at step S170, CPU 4 tries to find a corresponding point in the second image of the pair. This is 
done by applying the affine transformation for the triangle in which the point lies (previously calculated at slep S160) 
to the co-ordinates of the point to identify a point in the second image, and then applying an adaptive least squares 
correlation routine, such as the one described in the paper "Adaptive Least Squares Correlation: A Powerful image 

& Matching Technique" by A.W. Gruen, Photogrammetry Remote Sensing and Cartography, 1965, pages 175-187, to 
consider the identified point in the second image and points in a small area around it to determine whether any point 
has the same image characteristics as the previously matched point in the first image of the pair. This produces a 
similarity measure for a point in the second image. At step S 172, CPU 4 determines whether a corresponding point in 
the second image of the pair has been found by comparing the similarity measure with a threshold (in this embodiment, 

so 0.4). If the similarity measure is greater than the threshold, it is determined that the point in the second image having 
this similarity measure corresponds to the previously matched point in the first image and at step S1 74, CPU 4 changes 
the flag for the grid square in which the point h the first image lies to indicate that the grid square is full'. At step S1 76, 
CPU 4 stores data identifying the points as matched. 

[0154] At step S178, CPU 4 considers whether there is another previously matched point in the first image of the 
55 pair not yet considered, and if there is, steps Si 66 to SI 78 are repeated until all previously matched points in the first 
image of the pair have been processed in the manner just described. 

[0155] When all of the previously matched points in the first image of the pair have been processed, or if it is deter- 
mined at step S164 that there are no previously matched points, then at step S180, CPU 4 considers the next empty 
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lation. At step S208, CPU 4 calculates the camera transformations between the first pair of images in the triple and 
stores the results, and at step S210, CPU 4 calculates the camera transformations between the second pair of images 
in the triple and stores the results. At step S212. the camera transformations for the first pair of images calculated at 
step $205 and for the second pair of images calculated at step S210 are used to calculate the camera transformations 
for all three images in the triple, these transformations then being stored. 

[0165] Figure 22 shows the operations performed by CPU 4 in setting up the parameters at step S208. Referring to 
Figure 22. at step S214, CPU 4 reads the camera data input by the user at step S30 (Figure 4). At step S216, CPU 4 
reads the points matched in the first pair of images of the triple during initial feature matching at steps S52 ; S60, S62 
and S72 (Figure 7) and the points matched in the second pair of images in the triple during initial feature matching at 
steps S54, S60 t S64 and S72 (Figure 7). 

[0166] At step S216, CPU 4 generates, for each pair of images, a list of the matched points which are user-identified 
(that is, identified by the user at step S60 or S72 in Figure 7) and a list of matched points comprising both points 
calculated by CPU 4 as matching (at steps S52, SS4, SS2 or S64 in Figure 7) and user-identified points. Some of the 
calculated matching points may be the same as user-Identified matching points. If this is the case. CPU 4 deletes the 
CPU-calculated points from the list so that there are no duplicate pairs of matching points. By deleting the CPU<al- 
culated points, CPU 4 ensures that a point appears in both of the lists which will be used for the calculations (one of 
these lists being user-identified points alone, and hence the point would not appear in this list if user-identified points 
were deleted to remove duplicates). The number of points in the list of user-identified matching points may be zero. 
This will be case if affine initial feature matching at steps S60 to S72 in Figure 7 has not been performed. 
[0167] Also at step S218, CPU 4 generates a list of "triple" points, that is, points (including both user-matched points 
and CPU-calculated points) which are matched across all three images in the triple of images being considered. 
[0168] . At step S220, CPU 4 normalises the co-ordinates of the points in the lists created at step S21 8. Up to this 
point, the co-ordinates of the points are defined in terms of the number of pixels across and down the image from the 
top lelt-hand corner of the image. At step S220, CPU 4 uses the camera focal length and image plane (film or CCD) 
size read at step S214 to convert the co-ordinates of the points from pixels to a co-ordinate system in millimetres having 
an origin at the camera optical centre. The millimetre coordinates are related to the pixel coordinates as follows: 



y* = -vX(y.C y ) 



(3) 
(4) 



where (x*,y') are the millimetre coordinates, (x,y) are the pixel coordinates, (C xt C y ) is the centre of the image (in pixels), 
which is defined as half of the number of pixels in the horizontal and vertical directions, and 'h' and V are the horizontal 
and vertical distances between adjacent pixels (in mm). 
[01 69] CPU 4 stores both the millimetre coordinates and the pixel coordinates. 

[0170] At step S222, CPU 4 sets up a measurement matrix, M, as follows for each of the list of user-identified points 
and the list of user-identified and calculated points generated at step S218; 
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M 



-7i 1 

* 2 *2 -y 2 *2 xi -x 2 yi y 2 yi -y 2 ' x 2 -y 2 1 



***** -y*** x f k -x k y f k y k y k -y£ x k -y k 1 



(5) 



55 



where (x,y) are the pixel co-ordinates of the point in the first image of the pair, (x'.y') are the pixel co-ordinates of the 
corresponding (matched) point in the second image of the pair, and the numbers 1 to k indicate to which pair of points 
the co-ordinates correspond (there being k pairs of points in total In the list - which may of course, be different for the 
user-identified points list and the user-identified and calculated points list). 
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value to one). At step 5248, CPU 4 selects at random seven pairs ot points from the list of matched user-identified 
points set up at step S21S (Figure 22). At step S250, CPU 4 uses the selected seven pairs of points and the meas- 
urement matrix set at step S222 to calculate the fundamental matrix. F, representing the geometrical relationship be- 
tween the images, F being a three by three matrix satisfying the following equation: 



(x' y' 1)F 



= 0 



(6) 



25 



where (x,y,1) are the homogeneous pixel co-ordinates of any of the seven selected points in the first image of the pair, 
and (x\y\l) are the corresponding homogeneous pixel co-ordinates In the second image of the pair. 
[01 80] The fundamental matrix is calculated in a conventional manner, for example using the technique disclosed in 
"Robust Detection of Degenerate Configurations Whilst Estimating the Fundamental Matrix" by P.H.S. Torr, A. Zisser- 
man and S.'Maybank, Oxford University Technical Report 2090/96. 

[0181] It is possible to select more than seven pairs of matched points at step S246 and to use these to calculate 
the fundamental matrbc at step S250. However, seven pairs of points are used in this embodiment, since this has been 
shown empirically to produce satisfactory results, and also represents the minimum number of pairs needed to calculate 
the parameters of the fundamental matrix, reducing processing requirements. 

[01 82] At step S252, CPU 4 converts the fundamental matrix, F t into a physical fundamental matrix, F phys , using the 
camera dala read at slep S214 (Figure 22). This is again performed in a conventional manner, for example as described 
in "Motion and Structure from Two Perspective Views: Algorithms, Error Analysis and Error Estimation" by J. Weng, T. 
S. Huang and N. Ahuja. IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 11, No. 5, May 1989. 
page 451-476, and as summarised below. 

[0183] First the essential matrix, E, which satisfies the following equation is calculated: 



(x*' y*' f) B 



y* 



(7) 



where (x*. y*, f) are the co-ordinates of any ol the selected seven points in the first image in a millimetre co-ordhate 
system whose origin is at the centre of the image, the z co-ordinate having being normalised to correspond to the focal 
length, f, of the camera, and (x"\ y*\ f) are the corresponding co-ordinates of the matched point in the second image 
of the pair. The fundamental matrix, F, is converted into the essential matrix, E, using the following equations: 









0 cjf 




A - 


0 


1/V -Cy/f 


46 






0 1/f y 



M- A T FA (9) 

so 

£= / \ XM 
N tf[M M) 

55 where the camera parameters "h\ V. 'c/, 'c/ and T are as defined previously, the symbol T denotes the matrix 
transpose, and the symbol tr B denotes the matrix trace. 

[0184] The calculated essential matrix, E : is then converted into a physical essential matrix, 'Ep^', by finding the 
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closest matrix to E which is decomposable directly into a translation vector (of unit length) and rotation matrix (this 
closest matrix being E phy J. 

[0185] Finally, the physical essential matrix is converted into a physical fundamental malrix, using the equation: 
S F^^A^E^A (11) 

where the" symbol '-1 " denotes the matrix inverse. 

[0186] Each of the physical essential matrix, E phys . and the physical fundamental matrix, F phy> is a "physically real- 

10 isable matrix*, that is, it is directly decomposable into a rotation matrix and translation vector. 

[0187] The physical fundamental matrix, F phy8 . defines a curved surface in a four-dimensional space, represented 
by the coordinates {x, y, x\ y') which are known as "concatenated image coordinates'. The curved surface is given by 
Equation 6 above, which defines a 3D quadric in the 4D space of concatenated image coordinates. 
[0188] At step S253 : CPU 4 tests the calculated physical fundamental matrix against each pair of points that were 

16 used to calculate the fundamental matrix at step S250. This is done by calculating an approximation to the 4D Euclidean 
distance (in the concatenated image coordinates) of the 4D point representing each pair of points from the surface 
representing the physical fundamental matrix. This distance is known as the 'Sampson distance', and is calculated in 
a conventional manner, for example as described in 'Robust Detection of Degenerate Configurations Whilst Estimating 
the Fundamental Matrix' by P.H.S. Torr, A. Zisserman and S. Maybank, Oxford University Technical Report 2090/96. 

20 [0189] Figure 26 shows the way in which CPU 4 tests the physical fundamental matrix at step S253. Referring to 
Figure 26, at step S290, CPU 4 sets a counter to zero. At step S292, CPU 4 calculates the tangenl plane of the surface 
representing the physical fundamental matrix at the four-dimensional point defined by the co-ordinates of the next pair 
of points in the seven pairs of user-identified points (the two co-ordinates defining each point in the pair being used to 
define a single point in the four-dimensional space of the concatenated image co-ordinates). Step S292 effectively 

25 comprises shitting the surface to touch the point defined by the co-ordinates of the pair of points, and calculating the 
tangent plane at that point. This is performed in a conventional manner, tor example as described in 'Robust Detection 
of Degenerate Configurations Whilst Estimating the Fundamental Matrix" by P.H.S. Torr, A. Zisserman and S. Maybank, 
Oxford University Technical Report 2090/96. 

[0190] At step S294, CPU 4 calculates the normal to the tangent plane calculated at step S292, and at step S296 : 
30 it calculates the distance along the normal from the point in the 4D space defined by the co-ordinates ol the pair of 

matched points to the surface representing the physical fundamental matrix (the "Sampson distance"). 

[0191] At step S298 : the calculated distance is compared with a threshold which, in this embodiment, is set at 2.8 

pixels. If the distance is less than the threshold, then the point ties sufficiently close to the surface, and the physical 

fundamental matrix is considered to accurately represent the movement of the camera from the first image of the pair 
35 to the second image of the pair for the particular pair of matched points being considered. Accordingly, if the distance 

is less than the threshold, at step S300. CPU 4 increments the counter which was initially set to zero at step S290, 

stores the points, and stores the distance calculated at step S296. 

[0192] At step S302, CPU 4 determines whether there is another pair ol points in the seven pairs of points used to 
calculate the fundamental matrix, and steps S292 to S302 are repeated until all such points have been processed as 
40 described above. 

[0193] Referring again to Figure 25, at step S254, CPU 4 determines whether the physical fundamental matrix cal- 
culated at step S2S2 is sufficiently accurate to justify further processing to test it against all of the user-identified and 
calculated points. In this embodiment, step S254 is performed by determining whether the counter value set at step 
S300 (indicating the number of pairs of points which have a distance less than the threshold at step S298, and hence 

46 are considered to be consistent with the physical fundamental malrix) is equal to 7. That is, CPU 4 determines whether 
the physical fundamental matrix is consistent with all of the points used to calculate the fundamental matrix from which 
the physical fundamental matrix was derived. If the counter is less than 7 CPU 4 does not test the physical fundamental 
matrix further, and processing proceeds to step S256. On the other hand, if the counter value is equal to 7, at step 
S255 CPU 4 tests the physical fundamental matrix against each pair of points in the list containing both user-identified 

50 and calculated points (even though the physical fundamental matrix has been derived using points from the list con- 
taining only user-identified points). This is performed in the same way as step S253 described above, with the following 
exceptions: (I) at step S290, CPU 4 sets the counter to 7 to reflect the seven pairs of points already tested at step S253 
and determined to be consistent with the physical fundamental matrix; (ii) the physical fundamental matrix is tested 
against all user-identified and calculated points (allhoupji the pairs of points previously tested at step S2S3 are not re- 

55 tested), and (in) CPU 4 calculates the total error for alt points stored at step S300, using the following equation: 
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Total error = - — ^ (12) 

s 

where eg is the distance for the "tth pair of matched points between the 40 point represented by their coordinates and 
the surface representing the physical fundamental matrix calculated at step S295, this value being squared so that it 
is unsigned (thereby ensuring that the side of the surface representing the physical fundamental matrix on which the 
point lies does not affect the result), p being the total number of points stored at step $300 and e A being the distance 
io threshold used in the comparison at step S298. 

. [0194] In step S255. the counter value and stored points at step S300 (Figure 26) and the total error described above 
include the seven pairs of points tested at step S253. 

[0195] The effect of step S255 b to determine whether the physical fundamental matrix calculated at step S252 is 
accurate for each pair of user-identified and calculated points, the value ol the counter at the end (step S300) indicating 

'£ the total number of the points for which the calculated matrix is sufficiently accurate. 

[01 96] At step S256. CPU 4 determines whether the physical fundamental matrix tested at step S255 is more accurate 
than any previously calculated using the perspective calculation technique fcr the user-identified points alone. This is 
done by comparing the counter value stored at step S300 in Figure 26 for the last-calculated physical fundamental 
matrix (this value representing the number of points for which the physical fundamental matrix is an accurate camera 

20 solution) with the corresponding counter value stored for the most accurate physical fundamental matrix previously 
calculated. The matrix with the highest number ol points (counter value) is taken to be the most accurate. If the number 
of points is the same for two matrices, the total error for each matrix (calculated as described above) is compared, and 
the most accurate matrix is taken to be the one with the lowest error. If it is determined at step S256 that the physical 
fundamental matrix is more accurate than the currently stored one, at step S2S8 the previous one is discarded, and 

2$ the new one is stored together with the number of points (counter value) stored at step S300 in Figure 26, the points 
themselves, and the total error calculated for the matrix. 

[0197] At step S260, CPU 4 determines whether the value of the counter incremented at step S246 is less than the 
value 'np' set at step S224 in Figure 22 defining the number of iterations to be performed. If the value is not less than 
"np', the required number of iterations has been performed, and the processing proceeds to step S264 in order to carry 

30 out the perspective calculation for the points in the list comprising both user-identified points and calculated points. 
Alternatively, if the required number of itoratione has not yet bocn reached (valuo of the counter is still loss than Ytp" 
at step S260), at step S262, CPU 4 determines whether the accuracy of the physical fundamental matrix (represented 
by the counter value and the total error stored at step S2S8) has increased al all in the last np/2 iterations. If it has, it 
is worthwhile performing further iterations, and steps $246 to S262 are repeated. If there has not been any change in 

3$ the accuracy of the physical fundamental matrix in the last np/2 iterations, processing is stopped even though the 
number of iterations has not yet reached the value "np* set at step S224 in Figure 22. In this way, processing time can 
be saved in cases where performing the full number ol Iterations would not produce significantly more accurate results. 
[0198] As described above with respect to Figure 23, the value of "np" is set based on the number of pairs of points 
in the list of points Irom which the seven pairs are selected at random at step S248. Referring to step S233 in Figure 
23, the value (k-1 ){k-2)(k-3)(k-4)(k-5)(k-6)/201 60 represents 25% of the maximum number of iterations that it would 
be possible to perform without repetition (this maximum number being the total number of different combinations of 
seven pairs of points selected from the list). The value np/2 used at step S262 has been determined empirically to 
produce acceptable results in a reasonable time. 

[0199] Referring again to Figure 25 at steps S264 to S282, CPU 4 carries out the perspective calculation for the pair 
4£ of images using pairs of points selected at random from the list comprising both user-identified and calculated points. 
The steps are the same as those performed at steps S244 to S262, described above, with the exception that the value 
'np' defining the number of iterations to be performed has been set differently (step S224 in Figure 22), and the seven 
pairs of points used to calculate the fundamental matrix selected at random are chosen from the Est comprising both 
user-identified and calculated points. The operations performed in this processing will not, therefore, be described 
so again. As before, Figure 26 shows the steps performed when testing the physical fundamental matrix against each 
pair of user-identified and calculated points (step S273 and step $275). 

[0200] At step S284, CPU 4 compares the most accurate physical fundamental matrix calculated using the user- 
identified points alone (stored at step S258) and the most accurate physical fundamental matrix calculated using both 
the user-identified points and calculated points (stored at step S278), and selects the most accurate of the two (by 
55 comparing the counter values which represent the number of points for which the matrices are an accurate solution, 
and, if these are the same, the total error). The most accurate physical fundamental matrix is then converted to a 
camera rotation matrix and translation vector representing the movement of the camera between the pair of images. 
This conversion is performed in a conventional manner, for example as described in the above-referenced 'Motion 
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and Structure from Two Perspective Views: Algorithms, Error Analysis and Error Estimation" by J. Weng, T.S. Huang 
and N. Ahuja, IEEE Transactions on Pattern Analysis and Machine intelligence, Vol. 1 1 , No. 5, May 1 939, page 451 -476 
[0201] In the processing described above with respect to Figure 25, CPU 4 calculates a fundamental matrix (steps 
S250 and S270), and converts this to a physical fundamental matrix (steps S252 and S272) for testing against the 
user-Identified points and calculated points (steps S255 and S275). This has the advantage that, although additional 
processing is required to convert the fundamental matrix to a physical fundamental matrix, the physical fundamental 
matrix ultimately selected at step S264 has itself been lested. If the fundamental matrix was tested against the user- 
identified and calculated points, and the most accurate fundamental matrix selected, this would then have to be con- 
verted to a physical fundamental matrix which would not, itself, have been tested. 

[0202] Referring again to Figure 24, CPU 4 has now completed the perspective calculations for the image pair and 
proceeds to step S242 : in which it performs the second type of calculation, namely an affine calculation for the imaae 
pair. 3 

[0203] Figure 27 shows the operations performed by CPU 4 when carrying out the affine calculations. 
[0204] As when performing the perspective calculations, CPU 4 performs an affine calculation using pairs of points 
selected from the list of user-identified points alone (steps S310 to S327), and using pairs of points from the list of 
points.comprising both user-identified points and calculated points (steps S328 to S345), and then selects the most 
accurate affine solution (step S346). Again, this provides the advantage that the transformation is calculated using a 
plurality of different sets of points, thereby giving a greater probability that an accurate transformation will be calculated 
[0205] When performing the perspective calculations, it is possible to calculate all of the components of the funda- 
mental matrix, F. However, when the relationship between the pair of images is an affine relationship, it is possible to 
calculate only lour independent components of the fundamental matrix, these four independent components defining . 
what is commonly known as an 'affine' fundamental matrix. 

[0206] Referring to Figure 27, at step S310. CPU 4 determines whether the number of iterations, "na' ( set at step 
S224 (Figure 22) for affine calculations using user-identified points atone is greater than zero. If it is not, there are 
insufficient pairs of points in the list of user-identified points to perform an affine calculation, and the processing pro- 
ceeds to step S32B where the list of points comprising both user-identified pohts and calculated points is considered. 
On the other hand, if it is determined at step S310 that the number of iterations to be performed is greater than zero, 
at step S312 CPU 4 increments the value of a counter (the value of the counter being set to one the first time step 
S312 is performed). r 
[0207] At step S314, CPU 4 selects at random tour pairs of matched points from the list of points containing user- 
identified points alone. At step S316, CPU 4 uses the selected four pairs of points and the measurement matrix set at 
step S222 to calculate four independent components ol the fundamental matrix (giving the "affine' fundamental matrix) 
using a technique such as that described in "Affine Analysis of Image Sequences' by LS. Shapiro Section 5 Cam. 
bridge University Press 1 995, ISBN 0-521 -55063-7. It is possible to select more than four pairs of points at step S31 4 
and to use these to calculate the affine fundamental matrix at step S316. However, in the present embodiment, only 
four pairs are selected since this has been shown empirically to produce satisfactory results, and also represents the 
minimum number required to calculate the components of the affine fundamental matrix, reducing processing require- 
ments. 

[0208] At step S318, CPU 4 tests the affine fundamental matrix against each pair of points in the list comprising both 
user-identified points and calculated points (even though the affine fundamental matrix has been derived using points 
from the list containing only user-Wen* i£<Ki points), using a technique such as that described in 'Affine Analysis of 
Image Sequences' by LS. Shapiro, Section 5, Cambridge University Press, 1995, ISBN 0-521-55063-7. The affine 
fundamental matrix represents a flat surface (hyperplane) in four-dimensional, concatenated image space, and this 
test comprises determining the distance between a point in the four^dimensional space defined by the co-ordinates of 
a pair of matched points and the flat surface representing the affine fundamental matrix. As with the tests performed 
during the perspective calculations at steps S255 and S275 (Figure 25), the test performed at step S318 generates a 
value for the number of pairs of points in the list of user-identified and calculated points for which the affine fundamental 
matrix represents a sufficiently accurate solution to the camera transformations and a total error value for these points 
[0209] At step S320, CPU 4 determines whether the affine fundamental matrix calculated at step S316 and tested 
at step S318 is more accurate than any previously calculated using the user-identified points alone. This is done by 
companng the number of points for which the matrix represents an accurate solution with the number of points for the 
most accurate affine fundamental matrix previously calculated. The matrix with the nicest number of pohts is the 
most accurate. If the number of points is the same, the matrix with the lowest error is the most accurate If the affine 
fundamental matrix is more accurate than any previously calculated, at step S322 it is stored together with the points 
for which it represents a sufficiently accurate solution, the total number of these poiits and the matrix total error. 
[021 0] At step S324, CPU 4 determines whether the value of the counter incremented at step S31 2 is less than the 
number of iterations, "na', set for affine calculations on user-identified points alone at step S224 (Figure 22) and hence 
whether the set number of iterations has been performed. If the value of the counter is not less than the set number 
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of iterations, then the required number of iterations have been performed, and processing proceeds to step S328. If 
the value of the counter is less than the set number of iterations, CPU 4 performs a further test at step S326 to determine 
whether the accuracy of the affine fundamental matrix has increased at all in the last na/2 iterations. If the accuracy 
has not increased, then processing is stopped even though the set number of iterations. "naV has not yel been per- 
5 formed. In this way, iterations which would not produce any increase in the accuracy of the affina fundamental matrix 
are not performed, and hence processing time is saved. On the other hand, if the accuracy has increased, steps S31 2 
to S326 are repeated until either it is determined at step $324 that the set number of iterations has been performed 
or it is determined at step $326 that there has been no increase in accuracy of the affine fundamental matrix in the 
previous na/2 iterations. 

JO [021 1] At step S327, CPU 4 converts the stored affine fundamental matrix (that is, the most accurate calculated using 
the user-identified points alone) into three physical variables describing the camera transformation; namely the mag- 
nification, "m", of the object between the two images, the axis, of rotation of the camera, and the cycbtorsion rotation, 
9. of the camera (The variables $ and 6 will be described in greater detail later.) The conversion of the affine fundamental 
matrix into these physical variables Is performed in a conventional manner, for example as described in • Affine Analysis 

i$ of Image Sequences' by LS. Shapiro, Section 7, Cambridge University Press, 1995, ISBN 0-521-55063-7. 

[021 2] In steps S323 to S345, CPU 4 carries out the affine calculation using pairs of points selected at random from 
the list containing both user-identified points and calculated points. The steps are the same as those performed by 
CPU 4 for user-idenlified points alone in steps S310 to S327 descrbed above, with the exception that the number of 
iterations. *na", may have been set to a different value at step S224 in Figure 22, and the four pairs of points selected 

20 at random at step S332 are selected from the list comprising both user-identified and calculated points. These steps 
will therefore not be described again. 

[0213] Having performed the affine calculation using pairs of points from the list containing user-identified points 
alone (steps S3 10 to S327) and using pairs of points from the fist comprising both user-identified and calculated points 
(steps S328 to S345) producing an affine fundamental matrix and which is the most accurate for each calculation, at 
2S step S346, CPU 4 compares these two affine fundamental matrices and selects the most accurate, this being the one 
having the highest number of points (stored at steps S322 and S340), and ft the number of points is the same, the one 
having the lowest matrix total error 

[021 4] Referring again to Figure 21 , having calculated at step S208 the camera transformation for the first pair of 
images in the triple using the perspective and affine techniques described above, and having calculated at step S21 0 
30 the camera transformation for the second pair of images in the triple using the same perspective and affine techniques, 
at step S212 CPU 4 uses the results to calculate the camera transformations for all three images in the triple together. 
[021 5] Figure 28 shows the operations performed by CPU 4 in calculating the camera transformations for all three 
images in the triple together at step S212 

[021 6] When considering all three images in the triple : there are two camera transformations - one from the position 
35 at which the first image in the triple was taken to the position at which the second image was taken, and one from the 
position at which the second image was taken to the position at which the third image in the triple was taken. Each of 
these transformations can be either an affine transformation or a perspective transformation, giving four possible com- 
binations between the images (namely affine-affine, affine-perspective. perspective-affine and perspective-perspec- 
tive). Accordingly, at steps S350, S352, S354 and S356, CPU 4 considers a respective one of the four possible com- 
40 binations, and at step S358 selects the most accurate solution from the four. This processing will now be described in 
greater detail. 

[0217] At step S350, CPU 4 considers the case in which the transformation between the first pair of images in the 
triple is affine. andthe transformation between the second pair of images is alsoafline. Previously, at step S208 (Figure 
21) CPU 4 has already calculated the affine fundamental matrix and associated three physical variables defining the 

4fi affine transformation between the first pair of images in the triple. Similarly, at step S210 (Figure 21 ) CPU 4 has cal- 
culated the affine fundamental matrix and associated three physical defining the affine transformation between the 
second pair of images in the triple. As noted previously, the three physical variables derived from an affine fundamental 
matrix do not fully define the movement of the camera between a pair of images. At step S350. CPU 4 uses the 
previously calculated three physical variables to calculate the parameters necessary to define fully the camera move- 

£0 menl between each pair of images. 

[0218] Figures 29a and 29b illustrate the parameters which it is necessary to calculate at step S350 to define fully 
the camera movements. Figure 29a shows a CCD imaging device, or film, 50 on which the images are formed in three 
different locations and orientations, representing the locations and orientations at which the first, second and third 
images in a triple were taken. Lines 52 represent the optical axis of the camera 1 2. The optical axis 52 moves a distance 

55 cfl in moving from the first position to the second position, and a distance d2 in moving from the second position to the 
third position. 

[0219] The rotation of CCD 50 between the imaging positions is decomposed into a rotation about the optical axis 
52 and a rotation about an axis parallel to the image plane. This is known as the "KvD decomposition" and is described 
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in "Affine Analysis of Imago Sequences' by LS. Shapiro, Appendix D, Cambridge University Press, 1995, ISBN 
0-521-55063-7. The rotation about the optical axis is known as the 'cyclotorsion angle" and is represented by "B' in 
Figure 29a. In the example shown in Figure 29a. CCD 50 rotates by an angle 81=90° from a "landscape* orientation 
for the first image to a 'portrait" orientation for the second image, and then by a further angle 82=-90° back to a 'land- 
5 scape" orientation tor the third hiage. 

[0220] The rotation about the axis parallel to the image plane is decomposed in an axis-angle formulation into two 
angles, $ and p, as shown in Figure 29b. $ defines the axis 54 within the image ptane about which rotation occurs, 0 
being known as the 'axis angle 1 , p defines the angle the camera is rotated through about the axis 54, p being known 
as the "turn angle'. 

'0 [0221] The decomposition of the camera rotation into three angles is applied to the transformation of the camera 
between the first and second images in each triple (these angles being referred to as 81, $1, p1) and between the 
second and third images (these angles being referred to as 82, <J>2, p2). 

[0222] In the case where the two transformations of the camera are both considered to be affine ! the scale : s ; defined 
as s = d2/d1, and the rotation angles pi and p2 remain undefined by the affine fundamental matrices calculated at 
steps S20B and S21 0 (Figure 21 ) and must be calculated at step S350. 

[0223] When the camera transformation between a pair of images is a perspective transformation, the values of p, 
d, 6, $ are already defined in the rotation matrix and translation vector calculated at step S208 or S210 (Figure 21}. 
However, the scale is not known. Accordingly, at step S352, when CPU 4 considers the affine-perspective case, it is 
necessary to calculate the scale, s, and p1. At step S354, when CPU 4 considers the perspective-affine case, it is 
20 necessary to calculate the scale, s, and p2. At step S356, when CPU 4 considers the perspective-perspective case, 
it is necessary to calculate onry the scale, s. 

[0224] Figure 30 shows the operations performed by CPU 4 in steps S350, $352, S354 and S356 when calculating 
the values of scale, pi and p2. 

[0225] Referring to Figure 30, at step S380, CPU 4 takes the next value of p1 , p2. Figures 31a-31d show the values 

& of p1 , p2 considered by CPU 4 in the different cases at steps S350 to S356. 

[0226] Figure 31a shows the value of p1 , p2 for the affine-affine case considered at step S350 where both p1 and 
p2 are unknown. Sixty-four values of p1, p2 are considered, comprising eight values of pi varying between 10° and 
45° in steps of 5*, and eight values of p2 varying between 10° and 45* in steps of 5*. Values of p1 and p2 between 
10° and 45° are considered since it has been found that a user is most likely to move camera 12 in this range between 

30 successive images when at least three images of abject 24 are taken. A wider (or narrower) range of values can, of 
course, be considered. 

[0227] Figure 31b shows the values of p1 . p2 for the affine-perspective case considered at step S352. In this case, 
since the second camera transformation is perspective, the value of p2 is known, and therefore different values of only 
p1 need to be considered. Again, eight values of p1 are considered for the known value of p2, varying between 10° 
35 and 45* in steps of 5 9 . 

[0228] Figure 31c shows the values of pt, p2 considered for the perspective-affine case considered at step S354. 
Since the first camera transformation is perspective, the value of pi is known, and therefore eight values of p2 are 
considered tor the known value of pi, varying between 10° and 45* in steps of 5*. 

[0229] Figure 31 d shows the values of p1 , p2 considered in the perspective-perspective case in step S356. In this 
40 case, since both camera transformations are perspective, the values of both p1 and p2 are known, and hence this 
single value is considered. 

[0230] Referring again to Figure 30, at step S382, CPU 4 calculates the scale which best fits the value of p1, p2 
considered at step S360. 

[0231] Figure 32 shows the operations performed by CPU 4 when calculating the best scale in step S382. Referring 
to Figure 32, at step S390, CPU 4 sets the value of a counter to zero, and at step S392 the vaJue of the counter is 
incremented by one. At step S394, CPU 4 reads the co-ordinates of the points in the next triple of matched points, that 
is, points which are matched in all three of the images being considered, from the list generated at step S218 (Figure 
22). At step S396, CPU 4 uses the appropriate camera transformations (affine or perspective) previously calculated 
at step S208 or S210 (Figure 21) to determine the relative configuration of the images in the triple, and then to project 
so a ray (infinite line) from each point in the triple read at step S394 through the optical centre of the camera (this being 
the point perpendicularly displaced from the centre of the image plane by the focaJ length of the camera). 
[0232] Figure 33 illustrates the rays projected from each point in the triple. 

[0233] It is unlikely that any of the rays from the points in the triple will intersect due to inaccuracies in the camera 
transformations calculated at step S209 or S210, and inaccuracies in the matched pohts themselves. Accordingly, at 
ss step S398, CPU 4 calculates the camera transformation between the first and second images which makes the ray 
from the second image intersect the ray from the first image at a point 60. This calculation is performed by CPU 4 as 
follows: 
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a) The sign ol p1 is flipped (reversed) if stn(p1 )xsin($1 )>0. This is done because of prior knowledge of the ordering 
of the images. 



b) The rotation matrix, R. is defined from the angles (61, $1, p1 ) using the equations: 

fl= (/+fcfeinp+A/(1-cosp)] R e 



(13) 



0 0 sino> ^ 
0 0 -cos<J> 
-siiuj) cos<j> 0 



fl e = /+Xs//i9+X 2 (l-co6e) 



(15) 



20 



f 0 -1 0^ 
10 0 

^0 0 0; 



(16) 



& where I is the identity matrix. 

c) The translation vector, t, from the point position in the two images 5'. the rotation matrix. R, and the change 
in magnification between the two images, "m*. are defined using the equations: 



f= vU{v'v) 



y=(/^l.m{fl 3 3^ T fl 6o p) r 



(17) 
(13) 



(19) 



(20) 



46 



R = 



R *°P & right] 



*33 



(21) 



[0234] Similarly, at step S400, CPU 4 varied the translation of the camera between the second and third Images to 
make the ray from the third image intersect the ray from the second image at a point 62. 

[0235] At step S402, CPU 4 uses the ratio of the distance d^ of the point 62 from the optical centre of the camera 
at its position for the second image, to the distance c^o of the point 60 from this optical centre, to adjust the length 
d1 initial °f tne translation vector between the first and second camera positions and the length d^^, of the translation 
vector between the second and third camera positions, as follows: 
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d S2 r 



d1 final = d1 initial X [ ^ J (22) 
^n./=^x(^ (23) 

[0236] Referring to Figure 33, the lengths d1„ Bal and d2 fa . 1 calculated as above are Ihe lengths of the translation 
vectors which cause the rays from all three images to cross at the same point 64. CPU 4 then uses the resultina values 
to calculate the scale, s: 

l ° 23 ^o ? ^ tGP S404< CPU 4 tGStS the ScalG Calculate < 3 at ste P S402 against all triple points in the list produced at 
step S218 (Figure 22). 

[0238] Figure 34 shows the operations performed by CPU 4 when testing the scale against all triple points Referrina 
to Figure 34, at step S420, CPU 4 adjusts the relative positions of the cameras (defined by the appropriate transtor- 
mations from those determined at step S208 or S210 in Figure 21, depending upon whether an affine-affine affine- 
pcrspcctivc, pcrspcctfvc-affinc or perspective-perspective case is being considered) for all three images to take into 
account the scale calculated at step S402 (Figure 32). This is performed in conventional manner, lor example by fixinq 
the ongm ol the coordinate system to be at the optical centre of the camera in its second position (image 2) with 
alignment of the x, y, z axes given by the orientation of the camera in this position (the z axis being perpendicular to 
the image plane), and using the equations: 

Centre of camera for third image = t (25) 
Rotation of camera for third image ~ R 2Z (25) 
Centre of camera for first image - -r[ 2 x f (27) 

Rotation of camera for first image = rJ 2 ( 2 gj 

where t is the translation vector between the images indicated by the subscripts, and is given by Equation 17 above 
and R is the rotation matrix defining the rotation between the images indicated by the subscripts, and is given by 
equation 13 above. 

[0239] Al step S422, CPU A sets the value ol a variable, P, to zero, and at step S424, reads the next triple of matched 
points rom the list produced at step S21S (Figure 22). Al step S426. CPU 4 projects a ray from the point in the triple 
which lies n the first image of the triple through the optical centre of the camera in the first position, and from the point 

T^.ll""^ WhlCh li8S in * he ,hi,d ima " °' ,riplB ,hrou 9 n th9 °P ,ical cemre 01 •» camera in the third position 
[0240] Figure 35 illustrates the projection of the rays at step S426 

[0241] At step S428, CPU 4 calculates the mid-point 68 (Figure 35) along the line of closest approach of the rays 
protectee I from the first and third images, this line of closest approach being the line which is perpendicular to both the 
ray from the first image and the ray from Ihe third image, as shown in Figure 35. At step S430, CPU 4 projects the mid- 
point emulated at step S428 Into the second Image of the triple. That Is. CPU 4 connects the miiooint 68 to tte 
second image with a ray which passes through the optical centre of the camera forthe second image. This produces 
a projected point 70 in the second image (Figure 35) an 
[0242] At step S432 CPU 4 calculates the distance, V. between the projected port 70 in the second image and 
the actual Point 72 m the second image from the triple of points read at step S424. At step S434. CPU 4 determines 

ZTtrZ oro^LTf™ 1?? 8432 18 1088 3 threSh0ld ' SSt 81 3 Dixels h thfe "r*<*™* Th. Ooser 
together the projected point 70 and the actual point 72 in the second image, the more closely this triple of points 
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supports this value for the scale calculated at step S402 (Figure 32). Accordingly, if the distance is below the threshold, 
the calculated scale is considered to be sufficiently accurate, and at step S436, CPU 4 increments the variable P 
representing the number of triple points for which the scale is accurate, notes the points in the triple under consideration 
as being accurate for the scale under consideration, and updates the total distance error (that is, the error for all the 
s points so far for which the distance calculated at step S432 was deemed to be below the threshold at step S434) with 
the new distance calculated at step S432. The total error is calculated using the following equation: 



where e ; is the distance between the projected point 70 and the actual point 72 in the second image for the Nth triple 
of points, this value being squared so that it is unsigned (thereby ensuring that only the magnitude of the distance 
is between the projected point and the actual point is considered, rather than its direction, loo), P being the total number 
of points, and being the distance threshold used for the comparison at step S434. 

[0243] On the other hand, it it is determined at step S434 that the distance is not below the threshold, step S435 is 
omitted so that the variable P is not incremented. 

[0244] At step S438, CPU 4 determines whether there is another triple of points in the list generated at step S218 
20 (Figure 22). Steps S424 to S438 are repeated until the processing described above has been carried out for all the 
triple points in the list. At this point, the value of the variable P then indicates the total number of triple points for which 
the calculated scale is sufficiently accurate. 

[0245] Referring again to Figure 32, after testing the scale at step S404 using the method just described, CPU 4 
determines at step S406 whether the calculated scale is more accurate than any currently stored. This is done by 

25 comparing the number of points, P, and the total error stored at step S436 (Figure 34) with the number of points and 
total error for the previously stored best scale so far. The most accurate scale is the one with the largest number of 
points or, if the number of points is the same, the one with the smallest total error. If the newly calculated scale is more 
accurate : then it, the number of points, P, and the total error are stored at step S408 to replace the previous most 
accurate scale, number of points, and total error. If it is not, then the previous most accurate scale, number of points, 

30 and total error are retained. 

[024S] At step S410, CPU 4 determines whether the value of the counter incremented at stop S392 is loss than 20. 
If it is, at step S412, CPU 4 determines whether there is another triple of points in the list stored at step S218 (Figure 
22). Steps S392 to S412 are repeated until twenty triples of points have been used to calculate the scale (determined 
at step S410) or until all the triples of points in the list stored at step S218 (Figure 22) have been used to calculate the 

35 scale (determined at step S41 2) if the number of triple points is less than 20. The value 20 has been found empirically 
to produce acceptable results for the scale calculation in a reasonable time. 

[0247] Referring again to Figure 30. after calculating at step S382 the best value of the scale for the value of pi , p2 
under consideration, at step S384, CPU 4 determines whether the solution, that is, the values of p1, p2, s are more 
accurate than the solution currently stored Thus, CPU 4 tests whether the latest values p1. p2. s calculated at steps 
40 S380 and S382 have produced more accurate camera transformations than values which were previously calculated 
at steps S380 and S382. This is done by comparing the number of points. P, stored for the current most accurate 
solution and stored for the latest solution at step S408 (Figure 32) and step S436 (Figure 34). The most accurate 
solution is the one with the highest number of points, or the one with the smallest total error if the number ol points is 
the same. It the new solution is more accurate than the currently stored solution, then at step S386, CPU 4 replaces 
the currently stored solution with the new one. On the other hand, if the currently stored solution is more accurate, it 
is retained. 

[0248] At step S388. CPU 4 determines whether there is a further value of p1, p2 to consider, and steps S380 to 
S388 are repeated until all values of pi, p2 have been processed as described above. Referring to Figure 31 again, 
it will be seen from Figure 31a that steps S380 to S338 will be performed sixty four times for the affine-affine case 

so calculation at step S350 (Figure 28). It would also be appreciated from Figure 31b and Figure 31c that steps S380 to 
S388 will be performed eight times for the afttne-perspective case calculation at step S352 (Figure 28) and eight times 
for the perspective-affine case calculation at step S354 (Figure 28). Steps S360 to S388 will be performed only once 
for the perspective-perspective case calculation at step S356 (Figure 28) since, as shown in Figure 31 d. only one value 
of p1, p2 is available tor consideration at step S380. 

ss [0249] Referring again to Figure 28, having calculated respective solutions for the camera transformations for the 
affine-affine case at step S350, for the affine-perspective case at step S352, for the per6pectrve-affine case at step 
S354, and for the perspective-perspective case at slep S356, al step S358 CPU 4 selects the most accurate of these 
four solutions. This is again done by considering the total number of points, P, stored for each solution (step S386 in 




(29) 
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Figure 30 step S408 in Figure 32 and step S436 in Figure 34). The most accurate solution is the one w*h the laroest 
number of pom* (since this is me number o. triples ot points for which .he solution is bccuJ.)T^S^X 

irterii^^^ 

w %>■ At T S360, CP . U 4 d6,ermines »• "««•*• of points. P. for .he mos. accurate solu.ton is less than 

four. Th,s ,s .he way ,n whch CPU 4 perform, steps S58 and S68 in Figure 7 in which it a^mWilES 
™ ."T' 3 trans,ormaIions ■» sufficiently accurate. If the number of points P is lew "T our Zn al* 
S362 CPU 4 determines that me calculated camera transformations are not sufficiency Iwht ol me cZ, Ln* 
if the number of points, P, is equal to or greaterthan lour. CPU 4 determ,ne S that the ca cute^d ™, t V ' 
are sufficiently accurate and processing proceeds to step S364 In^^^^^^T^T^' 
* points P for the most accurate solut" is greater thin 80% 5?^^^^?* 
(Figure 22). If .he number of points is greater than 80%. then CPU 4 detemles thai thJ k Z nZ f, P 

S22 r 7 ,rans, ™ a,i< ™ ^ — *«" ™* 

fMS 1 , 9 , ■ T P0SHi0nS °' ,hS ,hr86 imaQeS h ,he ,ri P ,a °' ima 9 es f«todhB scate aTdTSs 

[0251] If ,. , s determmed at step S364 that the number of points. P, is not greater man 80% at sleo S366 cpi . * 
de ermrnes whether me mos, accurate so.uton is that calculated for the perspect^e^ectte « 2 ! £ 4 

sr=cr^ 
=== 

by W.H. Press, SA Teukotsky, W.T. Vetterting and B.P. Planner* 1902, page 412-420, ISBN 0 K, 43 "uls 



([(>) = ■ P* error (3()) 



where the function is evaluated using the same steps as steps S380. S382 and S386 in Figure 30 P is me number «f 
points stored for (he solution (steps S386 in Figure 30. S408 in Figure 32 and S436 in Fi^I h * nUmberof 

SE2 ,hat p is 1° bc maximfeed ' and w is *• e ™ 3 

the positive sign indicates thai this is to be minimised. P 1 * ' and 

[0252] At step S370, CPU 4 converts the optimised solution calculated at steo S36fi /or th« .mm^a^ . * 

S, a m o d8SCribed , ab0 ? Wi ' h reSP8C ' '° Fi9Ufe 201 CPU 4 pertom,s a (step S204 in Figure 20) to 

SHESTST ,ranS, °" ra,tonS ,W 8 Wpte * ^ eS '« »° «'« ««0. h •» l! not thirst S ?£ 

[025S] When the first image in me triple is not the first image in me sequence, it is no. necessarv to calculi th. 
camera transforms for the first pair o, images h .he triple since thisvSl. aJready hav HZ '£ 

s^n^ 

a steottt 360 s£S T?* P ° int6 ** * 8 68C0nd Paif 01 imaQ9S h »» were demfied 

w.l. form par, of a .„ple of pom.s, which will be used in calculating the camera positions a, step S404 a^d poS*? 
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step S394, if selected). As noted above with respect to step S218 in Figure 22. the number of user-identified points 
may be zero if affine initial feature matching has not been performed. 

[0258] At step S456, CPU 4 normalises the points in the lists created at step S464, and at step 5468. sets up two 
measurement matrices; one for the list of user-identified points and one for the list of user-identified and calculated 

5 points. These steps are carried out in the same way as steps S220 and S222 in Figure 22 described above, and 
accordingly will not be described again. At step S470, CPU 4 determines the number of iterations to be performed 
when carrying out the perspective and affine calculations for the second pair of images in the triple. This is performed 
in the same way as step S224 in Figure 22 described above, and accordingly will not be described again. 
[0259] Referring again to Figure 36, having set up the necessary parameters at step S450. at step S452, CPU 4 

io calculates the camera transformation for the second pair of images in the trple and stores the results. This is carried 
out in the same way as step S208 or $210 in Figure 21 described above, and accordingly will not be descrbed again. 
[0260] At step S454, CPU 4 uses the camera solutions for the first pair of images read at step S460 (Figure 37) 
together with the camera transformation calculated at step S452 for the second pair of images in the triple to calculate 
camera transformations between all three Images in the triple. 

[0261] Figure 38 shows the operations performed by CPU 4 when calculating the camera transformations between 
the three images in the triple at step S454 in Figure 36. These operations are very similar to those performed in step 
S21 2 (Figure 21 ), and described above with respect to Figure 28, when calculating the camera transformations between 
the first three images in the positional sequence. As noted above, the relationship between the cameras for the first 
pair of images in the triple is already known from calculations on the preceding trple. It is therefore necessary to 

20 consider the transformation between only the second pair of images. Accordingly, at step S472, CPU 4 considers the 
case where the transformation between the second pair of images is affine. This is done by considering the camera 
solution for the first pair of images (read at step S450 in Figure 36) together with the most accurate affine fundamental 
matrix calculated for the second pair of images in step 5452 (Figure 36). and calculating the scale, s, and p2 using the 
same operations described above with respect to step S354 in Figure 28. 

25 [0262] At step S474, CPU 4 considers the case where the transformation between the second pair of images is 
perspective. CPU 4 uses the calculation for the first pair of cameras read at step S460 (Figure 37) together with the 
most accurate rotation matrix and translation vector for the cameras for the second pair of images obtained in step 
S452 (Figure 36) to calculate the scale using the same operations as in step S356 (Figure 28). In steps S476 to S468, 
CPU 4 carries out processing which is the same as that carried out at steps S356 to S370 in Figure 28, described 

30 above. That is, CPU 4 selects the most accurate solution from the one calculated at step S472 and the one calculated 
at step S474, and determines whether this is sufficiently accurate or not, optimising it if necessary at step S486 (which 
corresponds to step 5368 in Figure 28) (it being noted that the solution is not optimised if it is determined at step S484 
that the solution corresponds to the "-perspective case since the values of p are optimised and, in the perspective 
transformation for the second pair of images, p is already sufficiently accurate since it is defined in the calculated 

35 fundamental matrix, and the value of p for the first pair of images will either be defined in a fundamental matrix if the 
transformation is perspective or will already have been optimised at step S368 in Figure 28 if the transformation is 
affine). 

[0263] Referring again to Figure 7, a description will now be given of the way in which CPU 4 performs constrained 
feature matching for a triple of images at step S74. 
^0 [0264] Figure 39 shows, at a top level, the operations performed by CPU 4 when carrying out constrained feature 
matching. 

[0265] Referring to Figure 39, at step 5500, CPU 4 considers "double" points in the first pair of images in the triple, 
that is points which have been matched between the first pair of images at step 552, 554, S60 f S62, S64, S72 or 874 
(steps S54, S64 and S74 being applicable il performed for a previous triple of images) in Figure 7, but which have not 
<6 been matched between the second and third images in (he triple. For each pair of such "double" points, CPU 4 tries 
to identify the corresponding point in the third image. If it is successful, a triple of points, (that is, points matched across 
all three images) is created. 

[0266] Similarly, at step S502, CPU 4 considers "double" points h the second and third images of a current triple 
(that is, points which have been matched across the second pair of images at step S54, 560, S64 or S72 in Figure 7, 
so but which have not been matched across the first pair of images in the triple) and tries to identify a corresponding point 
in the first image to create new triples of points. 

[0267] Figure 40 shows the operations performed by CPU 4 at step S500 and at step S502 in Figure 39. Referring 
to Figure 40, at step S504, CPU 4 considers the next point in the second (centre) image of the triple which forms a 
"double" point with the other image of the pair (the first image when performing step 5500 or the third image when 
ss performing step S502) and uses the camera transformation calculated at step 556 or step S66 in Figure 7 to identify 
a point in a corresponding location in the remaining image of the triple (the third image when performing step 5500 or 
the first rnage when performing step S502). 

[0268] At step 5506, CPU 4 calculates a similarity measure between the point in the second image and points lying 
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wrthm a set number of ponta (in this embodiment, two pixels) on either side of the identified point in the remaininc. 
■mage ,n the x d.rect.on and wnhh a set number of pixels (in this embodiment, two pixels) on either side of the id™ Wed 
pomt n m. y dtrectcn. Thus, points within a square of five by five pixels are considered k. .he remain^g ^ age cnhl 
tnple. CPU 4 catenates the similarity measure using an adaptive least squares correlation technique, for ex3 ch 
as that descnbed In the p*per "Adaptive Leas. Squares Correlation: A Powerful .mage Matching Tachn^X" W 
Gruen Programmetry Remote Sensing and Cartography, 19S5, pages 175-187 to identify a 'best match" pott ' ' 
[0269 At step S510. CPU 4 determines whether the similarity measure of the "best match' point idenffieS at steD 
S506 is greater than a threshold (in this embodiment 0.7). raeminea at step 

[0270] If .he similarily measure is greater than the threshold. CPU 4 determines that the similarity between the ooint 
m the second mage and the point in the remaining image o. the trip*, is sufficient* high .o consider the £int toTe 
matchmg ponta. and at step SS12. forms a triple of points from the "double" points and the new poht M j£ h t£ 
remains inage of thetriple of images.On the other harxl. if CPU 4 determines a. step S510 that 

c^rrn^ 

[0271] At step 8514, CPU 4 determines whether there is another double of points in the pair of images being ccn- 

SSL " W "' aPP ' eCia ! ed ,nm ,he above de!Cription ,hat in «"*«» «« unstrained feature mateh^g at step S74 

q^Tr ™ 9 T S matCh6S betWee " P™ 15 h ,he second and ,hirt ^Ses of a trple of images (step 
S500 ,n F,gure 39) and new matches between poin.s in the first pair of images of the triple (step S502 n Figure 39) 

2HL"ZTTZ US6 l by CPU 4 '° 9en8ra18 ' hB data a, step sio in Figure S. as wilfbe 

descr bed below. In addrtton. however, referring to Figure 7, the new matches generated between pott, in second 
pair of .mages ,„ a tnple are taken into account during subsequent initial feature matching for the nm tfpb 12 

SJLTT 38 T Pr8VtoU8ly ' Whe " COn8,rain9d ' 9a,Ure ma,Ch ^ is Carried ^ at ste ' SlZ ^SZ, 
matches tor the second patr of mages in a triple, this pair of images becomes .he first pair of images in tite nexl triole 
of .magescons.dered, andboth the automat* Ma. feature matching performed^ 

ma.ch.ng performed a. step S64 attempt to match points across the second pair of images in theTrZ^h have 
Con8,ra,ned,9alUfe ™W*>8 <«tep SS02 in Figure 39) are not taken into consideration when 
4 generates the three-dimen9,on a l data at step S10 in Figure 3, as will be described below. When constrained feature 

™TS n *Z J ' ^ aCCOre,in9ly ' he n9wma,ches genaratedacross thesecond pair of images ?n the rij e 
these nL™^ ^^ff wn durin B initial feature matching (since this operations is not performed a£in). HowevT 
™ IT GS tak8n ' n, ° consid8ra «0" ^en generating the 3D data at step SIC I in Figure 3 

Sons f Zlff^n^nrr' 9 * 8,t9r Perf0rmin9 ini ' ial ,aatUr9 ™ ,C * ,in9 (S,6P ^ calcula,in 9 the camera trans- 
1 P , «nT 9 cons,ra " ,Bd ,eature «»«*«9 (^ep S8) in the manner described above. CPU 4 

thr^mZ!n a aD , d ^ 01 SlflP S1 °- ™ B 8im * ,his pf0Cess is to 9 enerate a »et of potts* a 

hree-dmensKjnal space correctfy posrtioned to represent points on the surface of (he object 24 

[0274] Rgure 41 shows the operations performed by CPU 4 when generating the 3D data at step S10 in Figure 3 

Refernng to F.gure 41 a. step S520. CPU 4 considers each pair of images in the sequence in turn (in tl» examote of 

F 19 ures2and5 thepairscomprisingLILS, ^ 

a useHdentrtied "double" of poin.s (that is. a pair of poin.s matched be tween L pair of image' 

S60 or S72 .n F.gure 7 but not matched with a point in the image immedetely preceding or immed^tety lowing me 

the l^ZL ^ , . T! *• Par ,nd be,Ween * e second ima 9 e in ,he P a " and t" a subsequent image in 
™1 q , ' . ealCUla,e 3 S,n9 ' e P0ht * 30 "P" 0 " trom each such P air <* P°i"<* I" ste7s520 CPU 4 
cons ders only pa.rs of matched points which (i) were considered to be sufficiently iecuJmm, the calculated camera 
transformafc when this transformation was calculated a. step 86 in Figure 3. (ii) were uJSSm fnSSSS 
potnte when constrained feature matching was performed at step S8. or m tomJd an origJp7of!oM. tended 

feature matchng which were not considered to be sufficiently accurate with the calculated camera transformation are 
maS y * " St6P S52 ° (U " leSS ,h9y W6re ^-""V e ™" d ° d » a tn^TeSn^S^ 

KiSre 4fat%? e r S ^?p? P ! ra,i0n ! ( Pe * rm8d by CPU 4 ^ CalCUla,in9 ,ne 30 81 sle P 5520 ***** 
; « U 4 COnS,dere * 9 na * 1 pair 01 ^f 63 h * 8 se <1 uenc « (*• ««t Pair when step SS30 is 

cons.dered at step S530 wh.ch is erther a pant from a user-identified "double" or a point from a triple of points, a fine 
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in three-dimensional space through the optical centre ol the camera for that point This produces rays similar to those 
shown in Figure 35, with the exception that the rays are projected from adjacent images in Figure 35 since the images 
are considered in pairs. 

[0276] At step S534, CPU 4 calculates the mid-point of the line segment which connects, and is perpendicular to, 
5 both the tines projected In step S532 (this mid-point corresponding to the point 69 shown in Figure 35. and representing 
a physical point on the surface of object 24). At step S536. CPU 4 determines whether a corresponding point has been 
matched in the next image of the sequence, that is, whether the points from which rays were projected in step S532 
form part of the triple of points with the subsequent image. If it is determined that a corresponding point has been 
matched in the next image, CPU 4 projects a line from the matched point h the next image in the same way that it did 
io from the points in step S532. At step S540, CPU 4 calculates the mid-point of the line segment which connects, and 
is perpendicular to the new line projected at step S538 and the line projected from the point in the previous image at 
step S532, in the same way (hat the mid-point is calculated in step S540. 

[0277] At step S542, CPU 4 determines whether a corresponding point has been matched in the next image of the 
sequence. Steps S53S to S542 are repeated until the next image in the sequence does not contain a corresponding 

if matched point or until all the images in the sequence have been processed. 

[0278] By way of example, referring to a sequence of images containing five images, such as the example shown 
in Figure 2 and Figure 5, steps S532 and S534 will project a ray from a point in the first image and a matched point in 
the second image and calculate a single three-dimensional point (the mid-point in step S534) which represents the 
projection of the point in the first image and the point in the second image. Thus, a single point in three-dimensional 

20 space representing a physical point on the surface of object 24 is obtained from a pair of points between adjacent 
images in the sequence. If the third image in the sequence contains a point which is matched to those in the first and 
second images (determined at step S536), steps S538 and S540 project a line from the point in the third image and 
calculate the mid-point of the line segment which connects, and is perpendicular to, the line from the point in the second 
image and the line from the point in the third image, this mid-point representing the 3D point resulting from the projection 

2$ of the points in the second image and third image. Similarly, if the fourth image in the sequence has a point matched 
to that in the third image (determined at step S542), steps S538 and S540 are repeated to project a line from the point 
in the fourth image and calculate the mid-point of a line segment which connects, and is perpendicular to, the line from 
the fourth image and the line from the third image. A further 3D point representing the projection of points from the 
fourth and fifth images in the sequence will be obtained by step S538 and $540 if it is determined at step S542 that a 

30 corresponding point has been matched in the fifth image of the sequence. Thus, il the point is matched in All five images 
of the sequence, four 3D points are produced (representing the same physical point on the surface ol object 24), 
although it is unlikely that the 3D position of these will be exactly coincident due to errors in the calculated camera 
transformations and the matches themselves. Instead, Ihe points form a cluster B0 in 3D space, as shown in Figure 43. 
[0279] Referring again to Figure 42, at step S544, CPU 4 determines whether there is another pair of points not 

3S previously considered in the current pair of images which form a user-identified 'double' of points across the pair of 
images or form part of a triple of points with a subsequent image. Steps S532 to S544 are repeated until all such points 
have been considered. Each such pair of points produces either a single point 82 in 3D space (Figure 43) if it is 
determined at step S536 that a corresponding point has not been matched in the next image or a cluster of points if 
the corresponding point has been matched in at least the next image. If the point is matched across three successive 
images in the sequence, the cluster contains two points, if it is matched across four successive images in the sequence 
it contains three points, and : as desc/'i^jd above, if it is matched across five images in the sequence, the cluster 
comprises four points as shown in cluster 80 of Figure 43. 

[0280] At step S546, CPU 4 considers whether there is another pair of images in the sequence. Steps S532 to S546 
are repeated until all pairs of images in the sequence have been processed as described above. The result is a plurality 
of dusters of points in three-dimensional space as shown in Figure 43, with the points within each cluster corresponding 
to what should be a single 3D point (this representing a point on the surface of object 24). 

[0281] Referring again to Figure 41, at step S522, CPU 4 uses the 3D points calculated at step S520 to calculate 
the error in the transformation previously calculated for each camera, and to identify and discard inaccurate ones of 
the 3D points. 

50 [0282] Figure 44 shows the operations performed by CPU 4 at step S522 in Figure 41. Referring to Figure 44, at 
step S550, CPU 4 considers all of the points in three-dimensional space calculated at step S520 (Figure 41) and 
calculates the standard deviation of the x coordinates, Ax, the standard deviation of the y co-ordinates. Ay, and the 
standard deviation of the 2 co-ordinates, az. At step S552, CPU 4 calculates the 'size - of the object made up of the 
points in the three-dimensional space using the formula: 

ss 

Sizo = (AJf 2 + &f + Az 2 ) 1/S (31) 
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[0283] At steps S554 to S562, CPU 4 identifies, and discards, inaccurate points in the three-dimensional space 
produced from a given pair of images. At steps S564 to S563, CPU 4 uses the remaining points, that is the points 
remaining alter inaccurate points have been discarded, to calculate the camera error for the subsequent pair of camera 
positions. These operations will now be described in more detail. 

[0284] At step S554, CPU 4 considers the next pair of camera positions (this being the first pair of camera positions 
the first time the step is performed), considers the next point in the 3D coordinate system calculated at step S520 
which originated from part of a triple of points with a subsequent image, and calculates the vector shift between this 
3D point and the corresponding point in the 3D space which was previously calculated for the subsequent pair of 
camera positions at step S520 (Figure 41 ). This is illustrated in Figure 45a. Referring to Figure 45a. the cluster of points 
90 in the three-dimensional space comprises four points calculated at step S520 (Figure 41 ), the points corresponding 
to a single point on the surface of the actual object 24 as described above. Point 92. labelled #1 , is the point generated 
from the first pair of camera positions (images) at step S534 (Figure 42). and point 96. labelled #2, is the point generated 
from the second pair of camera positions (images) at step S540 (Figure 42). Similarly, the point #3 is the point generated 
from the third pair of camera positions at step S540 and the point #4 is the point generated from the fourth pair of 
camera positions at step S540. Each of these points is represented by a dot in Figure 45a. The shift calculated at step 
S554 between the point 92 for the first pair of camera positions and the corresponding point 96 previously calculated 
for the subsequent (second) pair of camera positions is shown in Figure 45a This shift represents the error in the 
second pair of camera positions for this pair of points and is therefore labelled "SHIFT 2". the errors for the third pair 
of camera positions (SHIFT 3) and for the fourth pair of camera positions (SHIFT 4), which will be calculated when 
subsequent pairs of camera positions are considered at step S554 : are also shown in Figure 45a for the illustrated 
cluster of points. 

[0285] Referring again to Figure 44, at step S55& CPU 4 determines whether the magnitude of the shift calculated 
at step S554 is greater than 10% of the object size calculated at step S552. If it is, the point under consideration for 
the current pair of camera positions and the corresponding point for the subsequent pair of camera positions are 
considered to be inaccurate, and are therefore discarded at step S560. Referring again to Figure 45a, if it is determined 
at step S558 (Figure 44) that the magnitude of the SHIFT 2 is greater than 10% of the object size, then points 92 and 
96 would be discarded. On the other hand, if it is determined at step S558 that the magnitude of the shift is not greater 
than 10% of the object size, the points are considered to be sufficiently accurate, and are therefore retained Although 
as noted above, 3D points are not generated at step S520 (Figure 41) from pairs of points which were not considered 
to be accurate with the calculated camera transformation, 3D points are generated at step S520 from new matches 
identified during constrained feature matching. Accordingly, the processing performed by CPU 4 in steps S554 to S560 
in Figure 44 ensures that the accuracy of the 3D points generated from the new matches identified during constrained 
feature matching is tested (and hence that the new matches themselves are tested). 

[0286] Referring again to Figure 44, at step S562, CPU 4 determines whether there is another point in the three- 
dimensional space calculated at step S520 (Figure 41 ) for the current pair of camera positions which originated from 
points which formed part of a triple with a subsequent image. Steps S554 to S562 are repeated until all such points 
have been processed as described above. Figure 45b illustrates the situation when this processing is complete for the 
first pair of camera positions. For each cluster of points, the shift between the 3D point produced from points in the 
first pair of images and the corresponding point produced using points in the subsequent pair of images will have been 
calculated. If any shift is greater than 1 0% of the object size, then the point for the current (first) pair of camera positions 
and the point for the subsequent (second) pair of camera positions will have been discarded. It will be seen from Figure 
45b that no shift is calculated for single points in the three-dimensional space, that is, points which do not form part of 
a cluster This is because these points were derived at step S520 (Figure 41 ) from pairs of points matched across only 
two successrve images, and hence it is not possible to calculate a shift since no point exists in the three-dimensional 
space which was derived from the corresponding point matched in the successive image of the sequence 
[0287] Referring again to Figure 44, at step S564, CPU 4 calculates the net of all the shifts between the points tor 
the current pair of camera positions and the points for the subsequent pair of camera positions (although any shift 
greater than 10% of the object size (determined at step S55E) is not considered). This grves.an error rotation matrix 
and an error translation vector for the subsequent pair of camera positions. The net of the shifts is calculated in a 
conventional manner, for example using Horn's method of quaternions, described in "Closed-Form Solution of Absolute 
Orientation using Unit Quaternions' by B.K.P. Horn in Journal of the Optical Society of America. 4<4): 629-649 Apr. 
1987. In summary, the rotation matrix, R : and translation vector, t, which most accurately maps the pohts for the 
subsequent pair of camera positions to the corresponding points for the current pair of camera positions is calculated 
If P c is a point for the current pair of camera positions, P n is the corresponding point for the next pair of camera positions 
and P n * is the re-mapped version of P n , then: 
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P n = RP„+t (32) . 

The sum is minimised over all common points ol the modules of the dot product (P n , -P c ) T «{P n '-P e ). 

5 [0288] At step S566, CPU 4 applies the error rotation matrix and the error translation vector calculated at step S564 
to each point previously calculated for the subsequent pair of camera positions (#2 in Figure 45b). For each previously 
calculated point, this gives a corrected point (P n ' given by Equation 32 above) which is now positioned closer to the 
point for the current pair of camera positions, as shown in Figuro 46, in which the points for the current pair of camera 
positions are represented by dots as before, and the corrected points lor the subsequenl pair of camera positions are 

io represented by crosses. 

[0289] At step S563, CPU 4 calculates the difference between the co-ordinates of each corrected 3D point calculated 
at step S566 and its corresponding point, and calculates the co-variance matrix of the resulting differences, this being 
performed using conventional mathematical techniques. The resulting co-variance matrix comprises a Gaussian dis- 
tribution In three dimensions, which represents a three-dimensional error ellipsoid lorthe error transform calculated at 

15 step S564. Thus, in steps S564 to S568, CPU 4 has calculated an error transform for the subsequent pair of camera 
positions and the error (the error ellipsoid) associated with the error transform. 

[0290] At step S570, CPU 4 determines whether there is another pair of camera positions which has not yet been 
considered. Steps S554 to S570 are repeated until the data for all pairs of camera positions has been processed in 
the manner described above. 

20 [0291] It will be appreciated that an error transform is not calculated at step S564 for the first pair of camera positions 
in the sequence. This pair of camera positions is assumed to have zero error. It will also be appreciated thai the error 
transform for a given pair of camera positions is calculated relative to the previous pair of camera positions. Thus, the 
error transform for the second pair of camera positions (that is, producing the second and third Images in a sequence) 
includes no cumulative error since the error for the first pair of camera positions is assumed to be zero. On the other 

25 hand, the error transform for each subsequent pair of camera positions will include cumulative error. For example, the 
error transform for the third pair of camera positions (that is, the positions producing the third and fourth images in the 
sequence) is calculated relative to the error transform for the second pair of camera positions. Accordingly,' the calcu- 
lated error transform and co-variance matrix for the third pair ol camera positions needs to be adjusted by the error 
transform and co-variance matrix for the second pair of camera positions to give a total, cumulative error for the third 

30 pair of camera positions. Similarly, the calculated error transform and co-variance matrix for the fourth pair of camera 
positions (producing the fourth and fifth images in the sequence) needs to be adjusted by the error transform and co- 
variance matrix for both the second pair of camera positions and the third pair of camera positions (that is, the cumulative 
error tor the third pair of camera positions) to give a total, cumulative error for the fourth pair of camera positions. 
[0292] This is carried out by CPU 4 at step S572 as follows: 

35 

(33) 

40 'i=^'/.i + '; t 34 ) 



C 'i - £ C * (35) 

4B 

where H- is the rotation matrbc for the ith cumulative error transform, is the rotation matrix for the ith individual error 
transform, V is the translation vector for the ith cumulative error transform, t| is the translation vector for the ith individual 
error transform, Cj* is the covariance matrix for the ith cumulative error transform, and C n is the covariance matrbc for 

50 the nth individual error transform. 

[0293] Referring again to Figure 41 , after calculating the error for each pair of camera positions at step S522, at step 
S524 ( CPU 4 adjusts the co-ordinates of each remaining point in the three-dimensional space (that Is, the points cal- 
culated at step S520 less those discarded at step S560 in Figure 44) by the appropriate camera position error. This is 
done by applying the cumulative error transform (calculated previously at step S572 in Figure 44) to the point position 

55 and adding the appropriate error ellipsoid (also previously calculated at step S572 in Figure 44) to the point. For ex- 
ample, points produced at step S520 from the first pair of images in the sequence are not adjusted at step S524 since, 
as described above, it is assumed that the camera position error is zero for this pair of images. The points produced 
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at steps S520 using the second and third images in the sequence are moved by the error transform calculated for the 
second pair of camera positions, and the co-variance matrix calculated for the second pair of camera positions is added 
to the moved points. The points produced at step S520 from the third and fourth images in the sequence are moved 
by the cumulative error transform calculated at step SS72 in Figure 44 for the third pair of camera positions and the 
cumulative co-variance matrix calculated at step S572 for the third pair of camera positions is added to the moved 
points. The points calculated at step S520 using the fourth and fifth images in the sequence are moved by the cumulative 
error transform calculated at step S572 for the fourth pair of camera positions, and the cumulative cc-variance matrix 
calculated at step S572 for the fourth pair of camera positions is added to the moved points 
[0294] At step S526, CPU 4 combines points in the three<Jimensional space which relate to a common point on the 
actual object 24. That is, the points within each individual cluster are combined to produce a combined point whose 
position is dependent on the positions of the points in the cluster, with an error ellipsoid dependent upon the error 
ellipsoids of the points in the cluster. The error ellipsoids are Gaussian probability density functions in 3D space rep- 
resenting independent measurements of thesame 3D point's position. Since they are independent, the individual meas- 
urements are combined in this step by multiplying the Gaussian probability densfty functions together In a conventional 
manner, to give a combined Gaussian probability density function or error ellipsoid. 

[0295] It may be the case that the points created at step S526 do not actually relate to unique points on object 24 
For example as shown in Figure 47, the error ellipsoids for points 100. 102 and 104 actually overlap, and accordingly 
these points may relate to the same point on object 24. Consequently, at step S528, CPU 4 checks whether the com- 

pf0dUCed at St6p S526 mrQ ^ 0 ^ t0 ™W* *™ge Points on objecl 24, and merges ones that do not 
[0296} Figure 48 shows the operations performed by CPU 4 in step S523. Referring to Figure 48 at step S580 CPU 

4 sorts the points produced at step S526 (Figure 41 ) in terms of the volume of their error ellipsoids (that is the combined 

rnoor I P Llo Ce ^M Step S526) ' thS P ° int With the Sma,lest error e,Ii P soid bein 9 P bced ^ the top of the list. 

5 L P !f M » 4 compares tne next hi 9 hest PO^t ^ the list (this being the highest point the first time step 
S582 is performed) wrth all subsequent points in the list by identifying all subsequent points for which the current point 
hes within the 3D equivalent (the Mahatanobis distance) of one standard deviation from the subsequent point (as 
determined from the error ellipsoid of the subsequent point). 

[0298] At step S5B4, the highest point under consideration is combined with every point tower in the list for which 
the distance between the points is less than the Mahalanobis distance of the error ellipsoid of the tower point This is 
carried out by combining all of the points to produce a single, combined point, in the same way that the points were 
combmed in step S526, using conventional mathematical techniques. The highest point under consideration is then 
replaced in the list produced at step S580 wrth the combined point, and all of the lower points in the list which were 
used to create the combined point are removed from the list. 

L°Al 9] At St9P S5S6, CPU 4 d9termines whe,her lh ore is another point in the list not yet considered Steps S5B2 to 
S586 are repeated until all of the points in the list have been processed in the way described above 
[0300] Referr.no again to Figure 41, after performing steps S520 to S528, CPU 4 has produced a plurality of points 
in three-dimensional space, each of which relates to a point on the surface of the object 24 

Sees of e objert2 a 4 9ain * 3 " * ^ ^ 4 pr0CeSS6S the points 10 9 enerate surtaces - representing the 
[0302] Figure 49 shows the operations performed by CPU 4 when generating the surfaces at step S12 in Fiaure 3 
Refernng to Figure 49, at step S590, CPU 4 performs a Delaunay triangulate of the points h the threeKJimensional 
rh^^^^^ f ° r ? ^ mp ' e d9SCribQd in 'Tn^Oimensional Computer Vision-, by Faugeras. 

Cha P ter10 I MITPress,ISBN0.262.06l5B-9. This operation inter<onnects the points to form a plurality of flat triangula; 
surfaces. However, many of the inter-connections between the points are made through the inside of the object 24 
generating surfaces in the interior of the object 24 which cannot be seen from the exterior. In addition it may also' 
generate spunous surfaces across concave regions of the object 24, thereby obscuring the actual conca've surfaces 
r««f T 31 "'I EL 8592 ,0 ^ CPU 4 P™ 6 ** 3 the ^a <° 'amove these 'hidden- and "spurious- surfaces ' 
<Lo Ste P S592 " CPU 4 considere the ««* camera * the sequence (this being the first camera the first time 
step S592 is performed), and at step S594 projects a ray from the camera to the next 3D point (the first 3D port the 
first time step S594 is performed) which can be seen by that camera, that is, the next point in the tridimensional 
space which ong.nated from a point matched in the image data tor that camera. When projecting the ray between the 

At step S59* CPU 4 determines whether the ray intersects any of the surfaces produced at step S590, using a con- 
vent.onal echn.que, for example such as that described in Chapter 7 of -Graphics Gems- by A. Glassner. Academic 
PressPrcf^^ 

o herwise me camera would not be able to sae the point. Accordingly, any surface intersected by the ray is removed 
at step S596^At step S598, CPU 4 determines whether there is another point in the threatens ional space which 
can be seen by the camera. Steps S594 to S59B are repeated unta all the points have been processed in the manner 
described above. At step S600, CPU 4 determines whether there is another camera in the sequence Steps S592 to 
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S600 are repeated until all of cameras have been considered to remove surfaces as described above. 
[0304] In the processing described above, at step S5S4, CPU 4 projects the ray from a camera to the edge of the 
error ellipsoid for a point (rather than to the point itself) and considers whether the ray intersects any surface. This 
provides the advantage that the positional error for a point is taken into account. For example, if the ray was projected 
5 all the way to a point, a surface lying between the point and the edge of its error ellipsoid nearest to the camera would 
be intersected by the ray and hence removed. However this may produce an inaccurate result since the 3D point could 
actually lie anywhere in its error ellipsoid and could therefore be in front of the surface. The processing in the present 
embodiment takes account of this. 

[0305] At step S602, CPU 4 considers the remaining triangular surfaces, and removes any which does not have a 
io surface touching free space (this corresponding to a surface which is enclosed within the interior of the object). This 
is performed using a conventional technique, for example as described in "Three-Dimensional Computer Vision" by 
Faugeras at Chapter 10, MIT Press, ISBN 0-262-06158-9. 

[0306] After performing steps S590 to 5602, CPU 4 has produced a plurality of surfaces in a three-dimensional space 
representing the object 24. At steps S604 to S610, CPU 4 determines the texture to be displayed on each triangular 
surface. 

[0307] At step S604. CPU 4 calculates the noimal to the next remaining triangle (this being the first remaining triangle 
the first time step S604 is performed). At step S606, CPU 4 calculates the dot product between the normal calculated 
at step S604 and the optical axis of each camera to identify the camera which viewed the triangle closest to normal 
(this being the camera having the smallest angle between its optical axis and the normal to the surface). At step S608, 
20 CPU 4 reads the data for the camera identified in step S606 (previously stored at step S1 8 in Figure 4) and reads the 
image data lying between the vertices of the triangle to determine the texture lor the triangle. At step S610, CPU 4 
determines whether there is another remaining triangle for which the texture is to be determined. Steps S604 to S610 
are repeated until the texture has been determined for at] triangles. 

[0308] Referring again to Figure 3, in this embodiment, after generating the surfaces representing the object at step 
25 S12. CPU 4 displays the surfaces at step SI 4. This is performed in a conventional manner, for example as described 
in "Computer Graphics Principle and Practice" by Foley, van Dam, Feiner & Hughes, Second Edition, Addison-Wesley 
Publishing Company Inc., ISBN 0-201-12110-7. This process is summarised below. 

[0309] Figure 50 shows the operations performed by CPU 4 is displaying the surface data at step Si 4. Referring to 
Figure 50, at step SS20, CPU 4 calculates the fighting parameters for the object, that is the data defining how the object 

30 is to be lit. This data may be input by a user using the input device 14, or, alternatively, default lighting parameters may 
be used. At step S622, the direction from which the object is to be viewed is defined by the user using input device 14. 
[031 0] At step S624, the vertices defining the planar triangular surfaces of the object are transformed from the object 
space in which they are defined into a modelling space in which the light sources are defined. At step S626, the 
triangular surfaces are lit by processing the data relating to the position ol the light sources and the texture data for 

35 each triangular surface (previously determined at step.S608). Thereafter, at step S628, the model! in g space is trans- 
formed into a viewing space in dependence upon the viewing directed selected at step S622. This transformation 
identifies a particular field of view, which will usually cover less than the whole modelling space. Accordingly, at step 
S630 : CPU 4 performs a clipping process to remove surfaces, or parts thereof, which fall outside the field of view 
[0311] Up to this stage, the object data processed by the CPU 4 defines three-dimensional co-ordinate locations. At 
step S632, the vertices of the triangular surfaces are projected to define a two-dimensional image. 
[0312] After projecting the image into two dimensions, it is necessary to identify the triangular surfaces which are 
"front-facing", that is facing the viewer, and those which are "back-facing", that is cannot be seen by the viewer. There- 
fore, at step S634, back-facing surfaces are identified and culled. Thus, after step S634. vertices are defined in two 
dimensions identifying the triangular surfaces of visble polygons. 

4* [0313] At step S636, the two-dimensional data defining the surfaces is scan-converted by CPU 4 to produce pixel 
values, taking into account the data defining the texture of each surface previously determined at step S608 in Figure 49. 
[0314] At step S63S, the pixel values generated at step S636 are written to the frame buffer on a surface -by-surface 
basis, thereby generating data for a complete two-dimensional image. 

[0315] At step S640, CPU 4 generates a signal defining the pixel values. The signal is used to generate an image 
50 of the object on display unit 1 8 anchor is recorded, for example on a video tape in video tape recorder 20. The signal 
may also be transmitted to a remote receiver for display or recording. 
[031 6] Various modrfications are possible to the embodiment described so far. 

[031 7] In the embodiment above, as described with reference to Figure 2. camera 1 2 is moved to different positions 
about object 24 in order to record the images of the object. Instead, camera 12 may be maintained in a fixed position 
55 and object 24 moved relative thereto. Of course, the positions of the camera 1 2 and the object 24 may both be moved 
to record the images. 

[031 8] Camera 1 2 may be a video camera recording a continuous sequence of images of the object 24. Image data 
for processing by CPU 4 may be obtained by selecting frames of image data from the video sequence. 
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[031 9] In the embodiment above, when arranging the positional sequence of the images at steps S22 and S24 in 
Figure 4, the user moves the images on the display to the correct positions in the sequence (as described with respect 
to Figure 5). and CPU 4 calculates the distance between the images to determine their positions in the sequence 
Instead, the user may assign a number to each image defining its position in the sequence. For convenience CPU 4 
may redisplay the images to the user In accordance with the allocated numbering. 

[0320] When describing the embodiment above, an example was used in which five images of object 24 were proc- 
essed to produce the 3D model. Of course, other numbers of images may be processed. 

[0321] Different initial feature matching techniques may be used to the ones described above which are performed 

«? 8P - S ! 4 'u S62 ^ 884 in RgUre ? - F ° r examp ' 9 ' the initial ,ealurB ma,chin 9 techni ^« Performed at steps 
S52 and S54 : which is based on detecting comers in the images, may be replaced by a technique in which minimum 
maximum, or saddle points in the colour or intensity values of ihe image data are detected. For example, techniques 
described in "Computer and Robot Vision Volume r by Haralick & Shapiro, Chapter 8, Addison-Wesiey Publishing 

using an adaptive least square correlation as described previously. An initial feature matching technique may also be 
employed which detects and matches all of the types of points referred to above, that is, comer points, minimum points 
maximum points and saddle points. 

[0322] The embodiment above identifies edges in an image at step S106 and step S108 using edge magnitude and 
edge direction values of pixels. Instead, edges could be identified using only pixel edge magnitude values or pixel edge 
direction values. a 

[0323] In the embodiment above, when performing affine initial feature matching at steps S62 and S64 in Figure 7 
CPU 4 calculates the relationship between parts of a pair of images by triangulating user-identified points in each image 
of the pair and us.ng the coordinates of each vertex of corresponding triangles to calculate the relationship between 
the parts of the images contained within the triangles. As a modification, instead of using jusl user-identified points 
CPU 4 can be arranged to connect both user-identified and CPU-identified points to create the triangles, or to use 
CPU-rcJentrfied points (e.g. corner points) alone. 

[0324] In the embodiment above, when performing affine initial feature matching, at step S 1 62 CPU 4 uses a arid 
of honzontai and vertical lines to d*ide the image into squares. However, the image may be uniformly divided into 
smaller regwns in other ways. For example a grid which divides the image into rectangles may be used Also a arid 
having non-horizontal and non-vertical lines may be used. ' 
[0325] When calculating the camera transformations at steps S56 and S66 in the embodiment above CPU 4 carries 
out the perspective calculation twice (Figure 25) - once using usersdentified points alone (steps S246 to S262) and 
one usmg both user-identified and CPU-calculated points (steps S266 to S282). Similarly. CPU 4 carries out the affine 
calculate twice (Figure 27) twice - once using user-identified points alone (steps S31 2 to S327) and once using both 
user-dentrfted and CPU-calculated points (steps S330 to S345). As a modification, CPU 4 can be arranged to perform 
each perspective calculation and each affine calculation twice as follows: 

- once using user-identified points alone and once using CPU-calculated points alone; or 

- once using CPU-calculated points alone, and once using both user-identified and CPU^calculated points. 

[0326] Each perspective and each affine calculation could also be performed three times; once with user-identified 
points, once with CPU -calculated points, and once with both user-identified and CPU-calculated points 
[0327] In the embodiment described, when calculating the perspective camera transformation at step S240 CPU 4 
tests the physical fundamental matrix (steps S253, S255, S273 and S275 in Figure 25). Instead, another physically 
realisable matrix (such as the physical essential matrix E^ may be tested. 

[0328] When performing constrained feature matching in the embodiment above (step S74 in Figure 7) h steps SS00 
and S502 (Figure 39) -double" points (that is. points matched across a pair of images in the triple) are considered and 
processing is carried out to try to identify a corresponding point in the other image of the triple so that a -triple' of points 
(that is. points matched across three images) can be formed. It is also possible to consider "single* points that is 
points which have been identified in one of the images of the triple, but for which no matching point has previously 
TZf ^j 19 ^;** 5 - 10 «7 out Pressing to try to identify a corresponding point in each of 
the other two images of the tnple. For example, taking a 'single' point from the first image of a triple, a point at the 
corresponding position in the second image can be identified using the camera transformations previous* calculated 
at step S56 or step S66 tn Figure 7. An adaptive least squares correlation technique, such as the one described in the 
previously referenced paper 'Adaptive Least Squares Correlation: A Powerful Image Matching Technique' by A.W 
Gruen, Photogrammetry Remote Sensing and Cartography, 1985, pages 175-187, may be used to determine a s™ 
larrty measure for pocels m the vicinity of the corresponding point in the second image, andthe highest similarity measure 
can i be ►compared against a threshold to determine whether the p ixet having that similarity measure matches the point 
of the first .mage. If a match is found. similar processing can be carried out to determine whether a match can be found 
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with a point in the third image, thereby identifying a triple of points. 

[0329] In the embodiments described above, when performing affine initial feature matching on a pair of images at 
step S62 or 564 in Figure 7, CPU 4 considers points in the first image of the pair which have been matched with points 
in the preceding image in the sequence but which have not yet been matched with a point in the second image of the 

s pair, and performs processing to try to match such points with points in the second image of the pair (steps Si 66 to 
S176 in Figure 18). Thus, CPU 4 performs processing to 'propagate' matched points through the sequence of images 
from a current image to a succeeding image in the sequence. It is also possible to perform such processing to "prop- 
agate* points in the opposite direction, that is, from a current image to a preceding image in the sequence. For example, 
the images in the sequence could be considered in reverse order, that is, starting with the final image in sequence (the 

io image taken at position L5 in the example of Figure 2), and the data processed in a similar manner to that already 
described. Processing can also be performed to "propagate" points in both directions, this being likely to provide more 
matches between points than when processing is performed to "propagate* points in a shgle direction. This, in turn, 
may enable more accurate camera transformations to be calculated at step S66 in Figure 7. 
[0330] In the embodiment above, when CPU 4 performs constrained feature matching at step S74 in Figure 7, new 
matches between points in the second and third images of a triple of images may be identified at step S500 in Figure 
39. As explained previously, these points are considered in subsequent processing since the pair of images across 
which the new points are matched becomes the first pair of images in the next triple of images considered. Thus, when 
. automatic initial feature matching or affine initial feature matching for the second pair of images in the next triple is 
performed at step S54 or step S64, the new matched points from the constrained feature matching may be used to 

so identify matching points in the third image of the triple, as described above. On the other hand, in the embodiment 
above, the new matches generated at step S502 in Figure 39 between points in the first and second images of a triple 
when CPU 4 performs constrained feature matching are not considered in any subsequent initial feature matching 
operations. This is because the new matches are across the first pair of images in the triple, and this pair is not con- 
sidered further in subsequent initial feature matching processing. The new matches are, however, taken into account 

25 when CPU 4 generates the 3D data at step S1 0 (Figure 3) since the newly matched points form part of a triple - points. 
As a modification, it is possible to perform additional processing to recalculate the camera transformations taking into 
account any new matches identified during constrained feature matching. This would produce two solutions for the 
camera transformations for each triple of images: the first being produced in the manner described above with respect 
to Figure 7, and the second being produced by the additional processing to take into account the new matches. The 

30 most accurate solution between the two may then be selected. 

[0331] in the embodiment described, in steps S52, S54, S60, S62, S64, S72 and S74 points (corner points, minimum 
points, maximum points, saddle points etc.) are matched in the images. Ho waver, it is possible to identify and match 
other "features", for example lines etc. 

[0332] At step S528 in the embodiment above, CPU 4 merges points if they lie within one standard deviation of each 
35 other. 

[0333] However, it is possible to delete one of the points instead of combining them. 

[0334] In the embodiment described, having generated the surfaces at step S12 in Figure 3, CPU 4 performs process- 
ing to display the surface data at step 14. Alternatively, or in addition, instead of displaying the surface data at step 
S14, CPU 4 may: control manufacturing equipment to manufacture a model of the object 24, for example by controlling 

40 cutting apparatus to cut mate rial to the appropriate dimensions; perform processing to recognise the object, for example 
by comparing it to data stored in a database; carry out processing to measure the object, for example by taking absolute 
measurements to record the size of the object, or by comparing the model with models of the object previously generated 
to determine changes therebetween; carry out processing so as to control a robot to navigate around the object; transmit 
the object data representing the model to a remote processing device lor such processing (for example, CPU 4 may 

45 transmit the object data in VRML format over the Internet, enabling it to be processed by a WWW browser). Of course, 
the object data may be utilised in other ways. 

[0335] The techniques described above can be used in terrain mapping and surveying, with the three-dimensional 
data being input to a geographic information system (GIS) or other topographic database for example. 

so 

Claims 

1. (n an image processing apparatus having a processor for processing input signals defining images of an object 
taken from a plurality of undefined camera positions, a method of processing the hput signals to produce signals 
ss defining matching features in the images, the method comprising the steps of: 

(a) identifying matching features in the images using a first technique; 

(b) calculating the camera positions using identified matching features; 
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(e) determining the accuracy of the calculated camera positions and 

(d) if the accuracy of the calculated camera positions is below a threshold: 

" JXfK^F* ,0 8 U86r! 8,Cfin9 Si9na ' S d6finin9 *«™ «— in the images 

' SS.yTr tChln9 ,ea ' UreS h ^ ^ USinfl 9 ~- " •» ™.chin 9 features 

^.andiden^^atchin,^^ 
4 " o^clnS 

5. A method according to any preceding claim, further comprising the steps of: 

s 9 " ::Zd p s h %r 9 at l8ast som9 of ma ma,ching ,ea,ures ^ * - - - 

(f) determining the accuracy of the camera positions calculated in step (e) and 

6. A method according to claim 5, wherein step (a) comprises: 

calculating the camera positions using features from a first set of matching features- and 
ca.cufct.ng me camera positions using features from . second se, of rnZIJZ™ 

7. A method according to claim 6. wherein: 

the firsi set of matching fealures comprises features identified by the user and 

8 - o A P nSni^^^ 

^ ^Ve^rScZ^Z'*™' Wher9in Sl9nab ~» ■»-" - «*« a, 

11. A method according to any preceding claim, wherein the matching features comprise matching points 

13. Amethodaccording.oc.aim 12. further e-n^ft.^c.p,.^^^^^^^^ 

14. A method according to claim 13, further comprising the step of dsplaying an image of the object. 

15. A method accord^ l0 claim 13 or cfeim 14, further comprising the step of recording the image data. 



36 



EP 0 898 245 A1 

16. A method according to any of claims 1 2 to 15, further comprising the step ol transmitting a signal conveying the 
object data. 

17. A method according to any of claims 12 to 16, further comprising the step of recording the object data 

5 

18. A method of operating an image processing apparatus to process image data comprising images of an object 
taken from a plurality of imaging positions of undefined relationship, so as to identify corresponding object features 
in the images, the method comprising: 

io identifying features using a first technique; 

determining the relationship between the imaging positions using the identified features; 
testing the accuracy of the determined relationship and : if it is not sufficiently high: 

(i) identifying features on the basis of user-lnpui signals; and 
15 (ii) identifying further features using a second technique and using the features identified in step (i). 

19. An image processing apparatus for processing input signals defining images of an object taken from a plurality of 
undefined camera positions to produce signals defining matching features in the images, comprising: 

20 (a) means for identifying matching features in the images using a first technique; 

(b) means for calculating the camera positions using identified matching features; 

(c) means for determining the accuracy of the calculated camera positions; and 

(d) means for, if the accuracy of the calculated camera positions is below a threshold, identifying further match- 
ing features in the images using a second technique and matching features identified by a user. 

25 

20. Apparatus according to claim 19. wherein the first technique comprises processing the input signals to identify 
matching comers in the images. 



21. Apparatus according to claim 19 or claim 20, wherein the second technique comprises dividing each image into 
regions in accordance with features identified by Ihe user, calculating (he Iransformalion of corresponding regions 
between images, and identifying matching features within corresponding regions using the calculated transforma- 
tions. 



22. Apparatus according to any of claims 19 to 21, wherein means (b) includes means for calculating the relative 
35 position of the camera optical centre for the images. 

23. Apparatus according to any of claims 19 to 22. further comprising: 

(e) means for calculating the camera positions using at least some of the matching features identified by the 
user or calculated using the second technique; and 

(f) means for determining the accuracy of the camera positions calculated by means (e); 

the apparatus being controlled such that, if the accuracy determined by means (0 is below a threshold, the 
operations performed by means (d) to (f) are repeated until the accuracy is equal to. or above, the threshold. 

45 

24. Apparatus according to claim 23, wherein means (e) comprises means for. 

calculating the camera positions using features from a first set of matching features; and 
calculating the camera positions using features from a second set of matching features. 

so 

25. Apparatus according to claim 24, wherein 

the first set of matching features comprises features identified by the user; and 

the second set of matching features comprises either (i) matching features identified using the first technique 
55 or the second technique or (ii) matching features identified using the first technique or the second technique 

together with matching features identified by the user. 

26. Apparatus according to any of claims 23 to 25, wherein means (e) includes means for calculating the relative 
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position of the camera optical centre for the images. 



27. Apparatus according to any of claims 19 to 26, wherein the number of features identified by the user is less than 
the number of further matching features identified using the second technique and the features identified bv the 
user. 7 



28. Apparatus according to any of claims 1S to 27. wherein the input signals define images of the object taken from 
at lea£t three undefined camera positions. 

29. Apparatus according to any of claims 19 to 28, wherein the matching features comprise matching points. 

30. Apparatus according to any of claims 19 to 29. further comprising means for processing signals definhg at least 
some of the matching features identified by the user or by using the second technique to generate object data 
defining a model of the object in a three-dimensional space. 

31. Apparatus according to claim 30, further comprising means for processing the object data to generate image data. 

32. Apparatus according to claim 31 , further comprising means for displaying an image of the object. 

33. A storage device storing instructions for causing a programmable processing apparatus to perform a method ac- 
cording to any of claims 1 to 18. 

34. A signal for causing a programmable processing apparatus to perform a method according to any of claims 1 to 18. 

35. In an image processing apparatus having a processor for processing input signals defining images of an object 
taken from a plurality of undefined camera positions, a method of processing the nput signals to produce signals 
defining matching features in the images, the method comprising the steps of: 

(a} displaying the images to a user, and storing signals defining matching features identified in the imaqes bv 
the user; 3 7 

(b) identifying further matching features in the images using the matching features identified by the user 

(c) calculating the camera positions using at least some of the matching features identified in step (a) or step (bV 

(d) determining the accuracy of the calculated camera positions; and 

(e) if the accuracy of the calculated camera positions is below a threshold, repeating steps (a) to (d) until the 
accuracy is equal to, or above, the threshold. 

36. A method according to claim 35 : wherein step (b) comprises dividing each image into regions in accordance with 
features identrfied by the user, calculating the transformation of corresponding regions between images, and iden- 
trfytng matching features within corresponding regions using the calculated transformations. 

37. A method according to claim 35 or claim 36, wherein the number of features identified by the user in step (a) is 
loss than the number of further matching features identified in step (b) using the features identified by the user. 

3a A method according to any of claims 35 to 37, wherein the input signals define images of the object taken from at 
least three undefined camera positions. 

39. A method according to any of claims 35 to 38, wherein step (c) includes calculating the relative position of the 
camera optical centre for the images. 

40. A method according to any of claims 35 to 39, wherein the matchhg features comprise matching points. 

41. A method according to any of claims 35 to 40, further comprising the step of processing signals defining at least 
some of the matching features identified n step (a) or in step (b) to generate object data defining a model of the 
object in a three-dimensional space. 

42. A method according to claim 41 , further comprising the step of processhg the object data to generate image data 

43. A method according to claim 42, further comprising the step of displaying an image of the object. 
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44. A method according to claim 42 or claim 43, further comprising the step of recording the image data. 

45. A method according to any of claims 41 to 44, further comprising the step ol transmitting a signal conveying the 
object data. 

46. A method according to any of claims 41 to 45, further comprising the step of recording the object data. 

47. A method of operating an image processing apparatus to process image data comprising images of an object 
taken from a plurality of imaging positions of undefined relationship, so as to identify corresponding object features 
in the images, the method comprising: 

(a) processing user-input signals defining matching features in the images to identify further matching features; 

(b) determining the accuracy of the identified further features; and 

(c) if the accuracy Is not sufficiently high, repeating slGps (a) and (b). 

48. An image processing apparatus for processing input signals defining images of an object taken from a plurality of 
undefined camera positions to produce signals defining matching features in the images, comprising: 

(a) means for storing signals defining matching features identified in the images by a user; 

(b) means for identifying further matching features in the images using the matching features identified by the 
user; 

(c) means for calculating the camera positions using at least some of the matching features identified by the 
user or means (b); and 

(d) means for determining the accuracy of the calculated camera positions; 

the apparatus having control means operable such that, if the accuracy determined by means (d) is below 
a threshold, the operation of prompting the user to identify further matching features and the operations performed 
by means (b) to (d) are repeated until the accuracy is equal to, or above, the threshold. 

49. Apparatus according to claim 43, wherein means (b) comprises means for dividing each image into regions in 
accordance with features identified by the user, means for calculating the transformation of corresponding regions 
between images, and means for identifying matching features within corresponding regions using the calculated 
transformations. 

50. Apparatus according to claim 48 or claim 49, wherein the number of features identified by the user is less than the 
number of further matching features identified by means (b) ushg the features identified by the user. 

51. Apparatus according to any of clams 46 to 50, wherein the input signals define images of the object taken from 
at least three undefined camera positions. 

52. Apparatus according to any of claims 48 to 51 , wherein means (c) includes means for calculating the relative 
position of the camera optical centre for the images. 

53. Apparatus according to any of claims 48 to 52, wherein the matching features comprise matching points. 

54. Apparatus according to any of claims 48 to 53. further comprising means for processing signals defining at least 
some of the matching features identified by the user or means (b) to generate object data defining a model of the 
object in a three-dimensional space. 

55. Apparatus according to claim 54, further comprising means for processing the object data to generate image data. 

56. Apparatus according to claim 55, further comprising means for displaying an image of the object 

57. A storage device storing instructions for causing a programmable processing apparatus to perform a method ac- 
cording to any of claims 35 to 47. 

5a A signal for causing a programmable processing apparatus to perform a method according to any of claims 35 to 47. 
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W identifying matching features in lha , magas usi a flM 
b calcu a.,n 9 the camera portion, using identified ma.ching features- and 
SS""" 9 ' Urther ,ea,U - * - second'Snicue and the calcu.ated 



camera 



2$ 



62. A method according to claim 61, wherein steps (a) and (b) comprise: 
(i) identifying matching features in the images- 

(iv) ,f the accuracy calculated in step (Hi) is below a threshold: 

' Jffi!^""" 10 3 USef " d S ' 0ring Si ^' S «- features identified in the ^agss " 

63. A method according to Cairn 61 or cfcim 62, wherein steps (a) and (b, comprise: 

22T 1 imf, " S '° " St °' in9 ~*« — identified in the images by 

(2) identifying further matching fea , ures in the images using the matching features identified by the user in 

^rftheirragee.thelccati^ ^ a feature in a 

in the second image and the calculate Ica^po^ 
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70. A method according to any of claims 59 to 69, wherein the step of calculating the camera positions includes cal- 
culating the relative position of the camera optical centre for the images. 

71. A method according to any of claims 59 to 70, wherein the matching features comprise matching points. 

72. A method according to any of claims 59 to 71. further comprising the step of processing signals defining at least 
some of the identified matching features to generate object data defining a model of the object in a three-dimen- 
sional space. 

73. A method according to claim 72, further comprising the step of processing the object data to generate image data. 

74. A method according to claim 73, further comprising the step ol displaying an image of the object. 

75. A method according to claim 73 or claim 74, further comprising the step of recording the image data. 

76. A method according to any of claims 72 to 75, further comprising the step ol transmitting a signal conveying the 
object data. 

77. A method according to any of claims 72 to 76, further comprising the step of recording the object data. 

7a A method of operating an image processing apparatus to process image data comprising images of an object - 
taken from a plurality of imaging positions of undefined relationship, so as to identify corresponding object features 
in the images, the method comprising: 

identifying features using a first technique; 

determining the relationship between the imaging positions using the identified features; and 
identifying further features using a second technique and the relationship between the imaging positions. 

79. An image processing apparatus for processing input signals defining images of an object taken from a plurality of 
undefined camera positions to produce signals defining matching features in the images, comprising- 

(a) means for identifying matching features in the images using a first technique; 

(b) means for calculating the camera positions using identified matching features; and 

(c) means for identifying further matching features in the images using a second technique and the calculated 
camera positions. 

80. Apparatus according to claim 79, wherein the first technique comprises processing the input signals to display the 
images to a user, and storing signals defining matching features identified in the images by the user. 

81. Apparatus according to claim BO, wherein the first technique further comprises processing the input signals to 
identify further matching features i<%gie images using matching features identified by the user. 

82. Apparatus according to claim 81, wherein means (a) and (b) comprise means for identifying the matching features 
and calculating the camera positions by: 

(i) identifying matching features in the images; 

(ii) calculating the camera positions for the images using the matching features identified in step (i); 

(iii) determining the accuracy of the camera positions calculated in step (ii); and 
(rv) if the accuracy calculated in step (iii) is below a threshold: 

- displaying the images to a user and storing signals defining matching features identified in the images 
by the user and 

- identifying further matching features in the images using a technique different to that used in step (i) and 
the matching features identified by the user. 

83. Apparatus according to claim 81 or claim 82, wherein means (a) and (b) comprise means for identifying the match- 
ing features and calculating the camera positions by: 
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(1 ) displaying the images to a user, and storing signals defining matching features identified in the images by 
the user; 

(2) identifying further matching features in the images using the matching features identified by the user in 
step(1); 

(3) calculating the camera positions using at least some of the matching features identified in step (t) or step (2); 

(4) determining the accuracy of the camera positions calculated in step (3); and 

(5) if the accuracy of the calculated camera positions is below a threshold, repealing steps (1) to (4) until the 
accuracy is equal to, or above, the threshold 

84. Apparatus according to any of claims 81 to 83, wherein the first technique comprises dividing each image into 
regions in accordance with features identified by the user, calculating the transformation of corresponding regions 
between images, and identifying matching features within corresponding regions using the calculated transforma- 
tions. 

85. Apparatus according to any of claims 81 to 84, wherein the number of features identified by the user is less than 
the nuinber of further matching features identified using the features identified by the user 

86. Apparatus according to any of claims 79 to 85, wherein the first technique comprises processing the input signals 
to identify matching corners in the images. 

87. Apparatus according to any of claims 79 lo 86, wherein the second technique comprises processing the input 
signals to search a part of a first of the images to identify a feature within the part which matches a feature in a 
second of the images, the location of the part within the first image being dependent upon the location of the feature 
in the second image and the calculated camera positions. 

8a Apparatus according to claim 87, wherein the feature in the first image is a corner. 

89. Apparatus according to any of claims 7S to 88, wherein the input signals define images of the object taken from 
at least three undefined camera positions. 

90. Apparatus according to any of claims 79 to 89, wherein the means for calculating the camera positions includes 
means tor calculating the relative position of the camera optical centre for the images. 

91. Apparatus according to any of claims 79 to 90, wherein the matching features comprise matching points. 

92. Apparatus according to any of claims 79 to 91, further comprising means for processing signals definhg at least 
some of the identified matching features to generate object data defining a model of the object in a three-dimen- 
sional space. 

93. Apparatus according to claim 92, further comprising means for processing the object data to generate image data. 

94. Apparatus according to claim 93, further comprising means for displaying an image of the object. 

95. A storage device storing instructions for causing a programmable processing apparatus to perform a method ac- 
cording to any of claims 59 to 78. 

96. A signal for causing a programmable processing apparatus to perform a method according to any of claims 59 to 78. 

97. In an image processing apparatus having a processor for processing input signals defining images ol an object 
taken from at least three undefined camera positions, a method of processing the input signals to produce signals 
defining matching features in the images and the camera positions, the method comprising the steps of: 

(a) identifying matching features in first and second images of the object; 

(b) calculating the camera positions for the first and second images using matching features identified in step 
(a); 

(c) identifying further matching features in the first and second images using the camera positions calculated 
in the step (b); 

(d) matching at least one of the further matching features identified in the second image in step (c) with a 
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feature in a third cf the images; and 

(e) calculating the camera position (or the third image using the matching feature(s) identified in the second 
and third images in step (d). 

s 98. A method according to claim 37, wherein step (c) is performed using a different technique to step (a). 

99. A method according to claim 97 or claim 98. wherein step (a) comprises processing the input signals to identify 
matching comers in the first and second images. 

to 100. A method according to any of claims 97 to 99. wherein steps (a) and (b) comprise: 

(i) identifying matching features in the first and second images using a first technique; 

(ii) calculating the camera positions for the first and second images using the matching features identified in 
step (i); 

is {iii) determining the accuracy of the camera positions calculated in step (ii); and 

(iv) if the accuracy calculated in step (iii) is below a threshold: 

- displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user; and 
20 . identifying further matching features in the first and second images using a second technique and the 

matching features identified by the user. 

101 .A method according to claim 100, wherein the first technique performed in step (i) comprises processing the input 
signals to identify matching corners in the first and second images. 

2$ 

102. A method according to any of claims 97 to 101. wherein steps (a) and (b) comprise: 

(1 ) displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user, 
30 (2) identifying further matching features in the first and second images using the matching features identified 

by the user in step (1); 

(3) calculating the camera positions for the first and second images using at least some of the matching features 
identified in step (1) or step (2); 

(4) determining the accuracy of the camera positions calculated in step (3); and 

3S (5} if the accuracy of the calculated camera positions is below a threshold, repeating steps (1 ) to (4) until the 

accuracy is equal to, or above, the threshold. 

103. A method according to any of claims 97 to 1 02, wherein step (c) comprises processing the input signals to search 
a part of the second image to identify a feature within the part which matches a feature in the first image, the 
location of the part within the second image being dependent upon the location of the feature in the first image 
and the camera positions calculated in step (b). 

104. A method according to claim 98, wherein step (a) comprises processing the input signals to display the first and 
second images to a user and storing signals defining matching features identified in the first and second images 
by the user. 

106.A method according to claim 104, wherein step (a) further comprises processing the input signals to identify further 
matching features in the first and second images using matching features identified by the user. 

so 106. A method according to claim 105, wherein step (a) comprises dividing each of the first and second images into 
regions in accordance with features identified by the user, calculating the transformation of corresponding regions 
between the first and second images, and identifying matching features within corresponding regions using the 
calculated transformations. 

ss 107. A method according to claim 105 or claim 106, wherein the number of features identified by the user is less than 
the number of further matching features identified using the features identified by the user. 

108. A method according to any of claims 104 to 107, wherein step (a) further comprises processing the input signals 
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to identify matching corners in the first and second images. 

109. A method according to any of claims 97 to 108, wherein the matching features comprise matching points. 

110. A method according to any of claims 97 to 109, wherein step (b) includes calculating the relative position of the 
camera optical centre for the first and second images. 

111. A method according to any of claims 97 to 110, wherein step (e) includes calculating the relative position of the 
camera optical centre for the second and third images. 

112. A method according to any of claims 97 to 111, further comprising the step of processing signals defining at least 
some ol the matching features and the camera positions to generate object data defining a model of the object in 
a three-dimensional space. 

11 3. A method according to claim 11 2, further comprising the step of processing the object data to generate image data 

11 4. A method according to claim 113. further comprising the step of displaying an image of the object. 

115. A method according to claim 113 or claim 114, further comprising the step of- recording the image data. 

116. A method according to any of claims 11 2 to 11 5, further comprising the step of transmitting a signal conveying the 
object data. ' a 

117. A method according to any of claims 112 to 116, further comprising the step of recording the object data. 

11B.A method of operating an image processing apparatus to process image data comprising at least three images of 
an object taken from imaging positions of undefined relationship, and signals defining corresponding object features 
in first and second of the images, so as to determine the positional relationship between the images the method 
comprising: 

(a) determining the positional relationship between the first and second images using corresponding features 
defined in the input signals; 

(b) identifying at least one further corresponding feature in the first and second images using the positional 
relationship determined in step (a); 

(c) identifying at least one feature in a third of the images which corresponds to a further feature identified in 
the second image in step (b); and 

(d) determining the positional relationship between the second and third images using the corresponding fea- 
ture (s) identified in step (c). 

11 9. A method of operating an image processing apparatus to process image data comprising at least three images of 
an object and input signals defining »£e relationship between the positions at which first and second of the images 
were recorded so as to determine the relationship between the positions at which the second and a third of the 
images were recorded, the method comprising; 

(a) identifying at least one pair of corresponding object features in the first and second images using the 
positional relationship defined in the input signals; 

(b) identifying at least one feature in the third image which corresponds to a feature identified in the second 
image in step (a); and 

(c) determining the positional relationship between the second and third images using the corresponding fea- 
ture^) identified in step (b). 

120. An image processing apparatus for processing input signals defining images of an object taken from at least three 
undefined camera positions, to produce signals defining matching features in the images and the camera positions 
comprising: ' 

(a) means for identifying matching features in first and second images of the object; 

(b) means for calculating the camera positions for the first and second images using matching features iden- 
tified by means (a); 



44 



EP 0 898 245 A1 



(c) means for identifying further matching features in the first and second images using the camera positions 
calculated by means |b): 

(d) means for matching at least one of the further matching features identified in the second image by means 
(c) with a feature in a third of the images: and 

5 (e) means for calculating the camera position for the third image using the matching feature(s) identified in 

the second and third images by means (d). 

121 .Apparatus according to claim 120. wherein means (c) is arranged to identify matching features using a different 
technique to means (a). 

JO 

122. Apparatus according to claim 120 or claim 121, wherein means (a) is arranged to process the input signals to 
identify matching comers in the firsl and second images. 

123. Apparalus according to any of claims 120 to 122. wherein means (a) and (b) are arranged to perform their oper- 
is ations by: 

(i) identifying matching features in the first and second images using a first technique; 

(li) calculating the camera positions lor the first and second images using the matching features identified in 

step (i); 

20 (iii) determining the accuracy of the camera positions calculated in step (ii); and 

(ru) if the accuracy calculated in step (iii) is below a threshold: 

- displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user; and 
25 - identifying further matching features in the first and second images using a second technique and the 

matching features identified by the user. 

124. Apparatus according to claim 123, wherein the first technique performed in step (i) comprises processing the input 
signals to identify matching corners in the first and second images. 

30 

125. Apparatus according to any of claims 120 to 124, wherein means (a) and (b) are arranged to operate by: 

(1) displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the usen 
35 (2) identifying further matching features in the first and second images using (he matching features identified 

by the user in step (1); 

(3) calculating the camera positions for the first and second images using at least some of the matching features 
identified in step (1) or step (2); 

(4) determining the accuracy of the camera positions calculated in step (3); and 

40 (5) if the accuracy of the calculated camera positions is below a threshold, repeating steps (1) to (4) until the 

accuracy is equal to. or above, the threshold. 



126. Apparatus according to any of claims 120 to 125, wherein means (c) comprises means for processing the input 
signals to search a part of the second image to identify a feature within the part which matches a feature in the 
first image, the location ol the part within the second image being dependent upon the location of the feature in 
the first image and the camera positions calculated by means (b). 



127. Apparatus according to claim 121. wherein means (a) comprises means for processing the input signals to display 
the first and second images to a user and storing signals defining matching features identified in the first and 
second images by the user. 



128.Apparatus according to claim 127. wherein means (a) further comprises means for processing the input signals 
to identify further matching features in the first and second images using matching features identified by the user. 

ss 129. Apparatus according to claim 1 28, wherein means (a) comprises means for dividing each of the first and second 
images into regions in accordance with features identified by the user, means for calculating the transformation of 
corresponding regions between the first and second images, and means tor identifying matching features within 
corresponding regions using the calculated transformations. 
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130.Apparatus according to claim 128 or claim 129, wherein the number of features identified by the user is less than 
the number of further matching features identified using the features identified by the user. 

131 Apparatus according to any of claims 127 to 130, wherein means (a) further comprises means for process™ the 
.nput signals to Identify matching comers in the first and second Images. Processmg the 

132. Apparalus according to any of claims 120 to 131, wherein the matching features comprise matching points. 

133. Apparalus according to any of claims 120 to 132, wherein means (b) includes means for calculating the relative 
position of the camera optical centre for the first and second images. 

134. Apparatus according to any of claims 120 to 133, wherein means (c) includes means for calculating the relative 
position of the camera optical centre for the second and third images. 

,M '^T^T,T 9 T? °* C ' ai ?t 120 10 134> ' Urther COrnprising means '"P™^ signals defining at leas, 
some of Ihe matching features and the camera positions to generate object data defining a model of the object in 

a thrse-drmensional space. ~w JW vnn 

136. Apparatus according toclaim 1 35, further comprising means for processing the object data to generate image data 

137. Apparalus according to claim 1 35, lurther comprising means for displaying an image of the object. 

1,a ^^o^?^ ** CaU8in9 3 Pra9famrab,e Pr0CeSSin9 aPPara ' US 10 P8rf °™ 3 ™— 
139.A signal for causing a programmable processing apparatus to perform a method according to any of claims 97 to 

1 ^takTn i ^7I™n in ^ aPP HT U ^ haVin9a P^^'^P^^gfi^ input eig^alsdefiningimages of an object 
taken Irom a plurahty of undefined camera positions and second input signals defining matching features in the 
images, a method of processing the first and second input signals to produce signals defining further matching 
features in the images. Ihe method comprising the steps of: nner maicning 

tOOHS T 9e , in, ° re9i0nS W the basis * *"> matchin 9 ,eatures defined ^ »e second input signals- 
calculating the transformation of correspondhg regions between images; and 

identifying malching features within corresponding regions using the calculated transformations. 

U1 iZl^^r!rSlf Cl 7. 140 L^r ein "* hB9e iS diVided int0 re 9 ions "V Aching features 

defined by the second input signals to form trianguhr regions. 

142 '1T^ f 00 ^" 19 '° Claim 140 ° rC,aim 1 41 ' Wher9in the "» °' tne "anslormation of corresponding 

reg,ons between images comprises calculating a respective transformation for each pair of corresponding regions 

1W m B Tn^ aee<>rdin9 " ClairnS t4 ° t0 142 ' Wh9rein * e S,e P 01 dM *9 each ima 9 e **» «9ion* ""dudes 
Z Passing the first and second input signals to identify any edges between matched features defined 

^Lnl T^" P , !' 9nab 81 18381 °° e °' me ima9es ' and <»™«*W the matched features in dependence 

upon the identrnecl edges. 

m-Amethodaccording to claim143, wherein edges between rretched feature in the first image or Ihe second image 
are identified on the basis of edge direction values of pixels between the matched features. 

^i^J^^*™.'?' w ! ,8reined 8 es b «™° matchedfeatures inthefirs. inage or the second image 
are identfled on the basis of edge d.rection and edge strength values of pixels between the matched feature* 

™i?£T n ££T 9 " T%1X ° f C,ai -T 1 45> Wh8fein 9,6 ed " 8 betW9en malched ,eatur « *e first rnage or 
the second image are identified by considering only a central portion of the edge and not parts at the ends thereof. 

147.A method according to any of claims 143 to 146, wherein the slep of dividing each image into regions includes 



46 



EP 0 B98 245 A1 



the step of processing the first and second input signals to determine the strength of any edges between matched 
features defined by the second input signals in at least one of the images, and connecting the matched features 
in dependence upon the determined edge strengths. 

s 148. A method According to claim 147, wherein the step of connecting matching features lo form regions includes the 
steps ol processing the first and second input signals to determine the strength of any edges between matched 
features defined by the second input signals in a first said image and the strength of any edges between matched 
features defined by the second input signals in a second said image, calculating a combined strength measure for 
corresponding edges in the first and second images, and connecting matched features in the first image and 

io matched features in the second image to form a side of a said region if the calculated combined strength measure 

of the edges therebetween is greater than a threshold. 

149. A method according to claim 148, wherein the combined strength measure for corresponding edges is determined 
by calculating the geometric mean of the strength of the edge In the first image and the strength of the corresponding 

is edge in the second image. 

150. A method according to claim 148 or claim 149, wherein edges in an image having a combined strength measure 
greater than the threshold are processed to remove cross-overs therebetween, and matched features defining the 
resulting edges are connected to form a side of a said region. 

20 

151 .A method according to claim 150, wherein the edges are processed to remove cross-overs by: 

(i) testing the edge with the highest combined strength against each edge of lower combined strength, h order 
of decreasing combined strength, and, if it is determined that the two edges cross, deleting the edge with the 

& lower combined strength; 

(ii) testing the edge of next highest combined strength which remains against each edge of lower combined 
strength which remains, in order of decreasing combined strength and, if it is determined that the two edges 
cross, deleting the edge with the lower combined strength; and 

(iii) repeating step (ii) until the edge with the next highest combined strength which remains has the lowest 
30 combined strength of the remaining edges. 

152. A method according to any of claims 147 to 151. wherein any three matched features having therebetween two 
edges having a strength greater than a threshold are connected to form a triangular region in the first image and 
in the second image. 

3S 

153. A method according to any of claims 140 to 152, wherein, in the step of identifying matching features within cor- 
responding regions, features having an approximately uniform spatial separation in a first of the images are selected 
for matching against features in a second of the images. 

40 1 54.A method according to claim 1 53, wherein the features in the first image are selected by applying a grid to divide 
the first image into areas, and selecting features from the areas. 

155. A method according to any of claims 140 to 154, wherein the input signals define images of the object taken form 
at least three undefined camera positions. 

45 

156. A method according to claim 1 55, wherein the step of identifying matching features within corresponding regions 
includes a step of trying to match at least some features in a first of the images already matched with features in 
a second of the images with features in a third of the images. 

so 157.A method according to any of claims 140 to 1 56, wherein the transformation calculated for corresponding regions 
between images is an afftne transformation. 

158. A method according to any of claims 140 to 157, further comprising the step of processing the first input signals 
to generate the second input signals. 

55 

159. A method accorcfing to claim 158, wherein the step of processing the first input signals to generate the second 
input signals comprises processing the first input signals to display the images to a user, and storing signals defining 
matching features identified in the images by the user. 
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160.A method according to any ofclaims 140 to 1 59, wherein the matching features comprise matching points. 
1 61 .A method according to claim 1 60. wherein the matching features comprise corner points. 

162. A method accordhg to any of claims 140 to 161. further comprising the step of processing signals defining at least 
someof the matchmg features lo generate object data defining a model of the object 

163. Amerhod according toelaim 162,f U rthercomp,i 6 ing the step of processing the object data to generate image data. 

164. A method according to claim 1 S3, further comprising the step of displaying an image of the object 

165. A method according to claim l63orclaim 164, further comprising the step of recording the image data. ' 

166 oTecr<2a aCCOrdin9 10 any °' Cla " T ' s 162,0 165 ' ,urth ^~'"P^9thes.e P of,ransmm l nga S igna l conveyingme 

167.A method according to any of claims 162 to 166, further comprising the step of recording the object data. 

"*t^1ZL°L Tt? f ima9e Pr0CeSSin9 appara ' US 10 process ima S* ««■ comprising images of an object 
fp!TlT,H P ° na9m9 P0SAKnS °' Undefined relalionsh iP ^nals defining corresponding obfetf 
features m the .mages, so as to identify further corresponding features, the method comprising: 

sigSs a : " y dMdin9 630,1 imag8 in '° 599m8n,S °" *" b3SiS °' th6 ""^ ,ea,ures ° afinad * 'he input 
determining the mapping of corresponding segments between images, and 
identifying corresponding features using the calculated mappings. 

of undefined camera positions and second input signals defining matching features in the imaoee to orodtice 
signals defining further matching features in the images, comprising 9 P 09 

vain9 each imafle int0 re9tons on ,he * ,he ma,chin9 ,ea,ures denned * ■» 

osculating means for calculating the transformation of corresponding regions between images; and 
SS mea " 8 ** ,d9n,i,yin9 mat< * in9 ,8a,UreS Wi,hin c °™P°n<*"9 regions ushg the^cufated trans- 



™~ZTr, T?t ina T ? bim 169 Where ' n * e diVidin9 means fe arran 9 ed to **»» «* inage into regtons by 
connecting matchmg features defined by the second input signals to form Iriangutar regions. 

transformation for each pair of corresponding regions. respective 

m ^»£l? e T in V° ™ y , °' C ' aimS 169 ,0 171 ' Wherein me divWn 9 ™ ans means for processing the 

edge! connecting the matched features h dependence upon the identified 

are denMed on the basis of edge direction values of pixels between the matched features. 

are identified on the bas« of edge d,rect,on and edge strength values of pixels between the matched features 

17S '^ P m a ^T fdir,fl to Z tai V ?3 ° f Cbim 174 ' wherein ,he tetwee " ™**" 'ealures in the first rnage 
ormese^ondimageareKientrfiedbyconsidenngonyacentra. portion of the edge and not parts at the e^ *Zf 

17*.Appara1us according to any of claims 173 to 1 75, wherein me dividing means includes means for processing the 
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first and second input signals to dot ermine the strength of any edges between matched features defined by the 
second input signals in at least cne of the images, and means for connecting the matched features in dependence 
upon the determined edge strengths. 

s 177. Apparatus according to claim 176. wherein the dividing means Includes means tor processing ihe first and second 
input signals to determine the strength of any edges between matched features defined by the second input signals 
in a first said image and the strength of any edges between matched features defined by the second input signals 
in a second said image, means for calculating a combined strength measure for corresponding edges in the first 
and second images, and means for connecting matched features in the first image and matched features in the 

jo second image to form a side of a said region it the caJcu fated combined strength measure of the edges therebe- 

tween is greater than a threshold. 

17B.Apparatus according to claim 1 77, wherein the combined strength measure for corresponding edges is determined 
by calculating the geometric mean of the strength ol the edge in the first image and the strength of the corresponding 
is edge in the second image. 

179. Apparatus according to claim 177 or claim 178, wherein edges in an image having a combined strength measure 
greater than the threshold are processed to remove cross-overs therebetween, and matched features defining the 
resulting edges are connected to form a side of a said region. 

20 

180. Apparatus according to claim 179, wherein the edges are processed to remove cross-overs by: 

(0 testing the edge with the highest combined strength against each edge of lower combined strength, in order 
of decreasing combined strength, and, if it is determined that the two edges cross, deleting the edge with the 
& lower combined strength; 

(ii) testing the edge of next highest combined strength which remains against each edge of lower combined 
strength which remains, in order of decreasing combined strength and, if it is determined that the two edges 
cross, deleting the edge with the lower combined strength; and 

(iii) repeating step (ii) until the edge with the next highest combined strength which remains has the lowest 
30 combined strength of the remaining edges. 

181 .Apparatus according to any of claims 176 to 180, wherein any three matched features having therebetween two 
edges having a strength greater than a threshold are connected to form a triangular region in the first image and 
in the second image. 

35 

182. Apparatus according to any of claims 169 to 181, wherein the identifying means comprises means for selecting 
features having an approximately uniform spatial separation in a first of the images and for matching the selected 
features against features in a second of the images. 

183. Apparatus according to claim 182, wherein the features in the first image are selected by applying a grid to divide 
the first image into areas, and selecting features from the areas. 

184. Apparatus according to any of claims 1 69 to 183, wherein the input signals define images of the object taken form 
at least three undefined camera positions. 

1 85. Apparatus according to claim 1 84, wherein the identifying means is arranged to try to match at least some features 
in a first of the images already matched with features in a second of the images with features in a third of the images. 

166.Apparatus according to any of claims 169 to 185, wherein the calculating means is arranged to calculate an affine 
50 transformation. 

187. Apparatus according to any of claims 169 to 186, further comprising means for processing the first input signals 
to generate the second input signals. 

ss 168. Apparatus according to claim 187, wherein the means for processing the first input signals to generate the second 
input signals comprises means for processing the first input signals to display the images to a user, and for Gtoring 
signals defining matching features identified in the images by the user. 
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189. Apparatus according to any of claims 169 to 188, wherein the matching features comprise matching points. 

190. Apparatus according to claim 189, wherein the matching features comprise corner points. 

191 .Apparatus according to any of claims 1 69 to 190, further comprising m^ns for processing sigrwls definm 

some of the matchmg features to generate object data defining a model of the object in a three -d.mensicnal space. 

1 e2.Appara1us according to claim 1 91 , further comprising means for processing the object data to generate image data. 

1 93. Apparatus according to claim 1 92, further comprising means for displaying an image of the object. 

194. A storage device storing instructions for causing a programmable processing apparatus to perform a method 
according to any of claims 140 to 168. 

195 "to leT' CaUSin9 a Pra9rammable P f0cessin 9 apparatus to perform a method according to any of claims 140 
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